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ABSTRACT      
In the past decades the prevalence of pollen-related respiratory allergies has increased 
rapidly. Causative agents are mostly airborne pollen grains of trees and grasses. The 
allergenic potential of these pollen grains depends on the amount of produced 
allergenic proteins (Bet v 1, Phl p 5) and non-allergenic adjuvant compounds, so called 
PALMs (pollen-associated lipid mediators). These compounds also play a role in the 
defense mechanisms of plants against biotic and abiotic stress.  
The first aim of this thesis was to analyze the composition of the microbial colonization 
of allergenic birch and timothy grass pollen using cultivation dependent and cultivation 
independent molecular methods. In addition, the microbes should be localized on the 
pollen grains. A second aim was to uncover the relationship between urbanization-
related pollution parameter (nitrogen dioxide NO2, ozone O3, ammonia NH3, 
Urbanization Index UI), microbial α-diversity (Simpson, Shannon) colonizing the pollen 
and the expression of allergens and PALMs as well as stress induced NADPH-oxidase 
activity in the pollen.  
To reach these aims, universal media were inoculated with pollen suspensions to 
isolate microbes and identify them by phylogenetic analyses (arb, BLAST). Furthermore 
microbial patterns and diversity were determined using community DNA isolated from 
pollen of birch and timothy grass collected in three consecutive years at different 
locations using terminal restriction fragment length polymorphism (tRFLP) analysis. 
These microbial patterns were used for calculating Spearman-correlations with 
pollution and allergen parameters. 16S-rDNA amplicon sequencing (Illumina MiSeq) 
was further used to determine abundances on bacterial family and genus levels. 
Localization studies were performed via Fluorescent in situ Hybridization (FISH) and 
confocal Laser-scanning microscopy (CLSM).  
Most of the isolated microbes are known as environmental organisms from soil, plant 
and water. Several species show potential interactions with plants, but also possible 






characterized on pollen of birch and timothy grass as evidenced by tRFLP- and 
16S-rDNA amplicon sequencing. Accordingly, FISH- and CLSM-studies showed 
dominant groups of α-Proteobacteria on the surface of birch and ɶ-Proteobacteria on 
timothy grass pollen. 
Correlation analyses of microbial tRFLP-pattern (bacterial diversity) to pollution 
parameters and the expression of allergen-related compounds showed significant 
results for several parameters (NO2, O3, UI; Bet v 1, PALMs). The results demonstrate 
that bacterial diversity correlates with anthropogenic factors like pollution, which in 
turn might impact the expression of allergens and hence, alters the immune-




















Das Ausmaß Pollen-induzierter Atemwegserkrankungen hat in den letzten Jahrzehnten 
rapide zugenommen. Der Großteil dieser Fälle wird durch luftübertragene Baum- und 
Graspollen ausgelöst. Das allergene Potential dieser Pollen hängt von der produzierten 
Menge allergener Proteine (Bet v 1, Phl p 5) und nicht-allergener Hilfssubstanzen, so 
genannter PALMs (Pollen-assoziierte Lipid-Mediatoren), ab. Diese Substanzen spielen 
auch eine Rolle in den Abwehrmechanismen von Pflanzen gegen biotischen und 
abiotischen Stress. 
Erstes Ziel dieser Arbeit war, die Zusammensetzung der mikrobiellen Kolonisierung auf 
allergenen Birken- und Lieschgraspollen unter Verwendung kultivierungsabhängiger 
und kultivierungsunabhängiger molekularer Methoden zu analysieren. Zusätzlich sollte 
die Lokalisation Pollen-assoziierter Bakterien näher bestimmt werden. Das zweite Ziel 
war, die Beziehung zwischen urbanisierungsrelevanten Schadstoffparametern 
(Stickstoffdioxid NO2, Ozon O3, Ammoniakgas NH3), der mikrobiellen α-Diversität 
(Simpson, Shannon) auf Pollen und der Expressionsrate von Allergenen und PALMs 
sowie stress-induzierter NADPH Oxidase-Aktivität in Pollen zu untersuchen. 
Zunächst wurden Agar-Platten (Universal-Medien) mit Pollensuspensionen beimpft, 
um Mikroorganismen zu isolieren und diese mit Hilfe phylogenetischer Analysen (arb, 
BLAST) zu identifizieren. Weiterhin wurde in drei auf einander folgenden Jahren 
Proben von Birken- und Lieschgraspollen an verschiedenen Orten gesammelt, die 
mikrobielle Community-DNA extrahiert und mit Hilfe von tRFLP-Analysen (terminal 
restriction fragment length polymorphism) das mikrobielle Muster sowie die α-
Diversität auf den Pollen bestimmt. Diese mikrobielle Diversität wurde unter 
Verwendung der Spearman-Korrelation mit gemessenen Konzentrationen an 
Luftschadstoffen und allergiebezogenen Substanzen in Beziehung gesetzt. Weiterhin 
wurde mit Hilfe von 16S-rDNA Amplikon Sequenzierung (Illumina MiSeq) die 






von Pollen-assoziierten Bakterien wurde unter Zuhilfenahme von Fluoreszenz in situ 
Hybridisierung (FISH) und konfokaler Laser-Scanning-Mikroskopie (CLSM) umgesetzt. 
Der Großteil der von Pollen isolierten Mikroben ist bekannt als Umweltorganismen, die 
in Wasser, Boden und Pflanzen vorkommen. Einige der Arten zeigen 
Wechselwirkungen mit Pflanzen, zum Teil sogar humanpathogenes Potential. 
Weiterhin wurde sowohl anhand der tRFLP-Analysen als auch anhand der 16S-rDNA 
Amplikon Sequenzierung der Nachweis erbracht, dass es sich bei Birken- und 
Lieschgraspollen um ein Pflanzenarten-spezifisches Pollenmikrobiom handelt. Passend 
dazu konnte mittels FISH- und CLSM-Studien die Dominanz von α-Proteobakterien auf 
Birkenpollen sowie die Dominanz voŶ ɶ-Proteobakterien auf Lieschgraspollen gezeigt 
werden. 
Die Korrelationsstudien der tRFLP-Muster (Bakteriendiversität) zu 
Schadstoffkonzentrationen und der Expression allergiebezogener Substanzen zeigten 
einige signifikante Zusammenhänge (NO2, O3, UI; Bet v 1, PALMs). Die Ergebnisse 
deuten darauf hin, dass anthropogene Faktoren wie Luftschadstoffkonzentrationen die 
Pollen-assoziierte Bakteriendiversität beeinflusst, was sich wiederum auf die 
Expression allergiebezogener Substanzen auswirken könnte und somit das 










1 INTRODUCTION  
In the past decades the prevalence of respiratory allergies and related diseases has 
been increasing all over the world (Burney et al. 1997; D'Amato et al. 2007). A prime 
causative agent of allergies are airborne pollen grains from anemochorous plants like 
trees, grasses or weeds causing e. g. allergic asthma, rhinitis or hay-fever symptoms. 
According to Pankwar et al. (2011) hundreds of millions of people worldwide suffer 
from rhinitis. In contrast to other diseases patients suffering from airborne-induced 
respiratory allergy are not able to simply avoid the exposure to the causative agent 
(D'Amato et al. 2007), because the surrounding environment is fully loaded by pollen 
grains during the pollination period. This fact is not only responsible for massive public 
health problems (D'Amato & Spieksma 1991), but consequently is leading to 
remarkable economic problems in society (Bauchau & Durham 2004; Gilles et al. 
2012). Several grass species, like meadow foxtail (Alopecurus pratensis), orchard grass 
(Dactylus glomerata) or timothy grass (Phleum pratense) produce pollen grains 
belonging to the most abundant airborne pollen. Grass pollen mostly induce nasal and 
conjunctival symptoms (D'Amato et al. 2007), also inducing inflammatory immune 
responses (Djukanovic et al. 1996).  In northern and middle Europe birch trees produce 
the most allergenic tree pollen in spring, followed by alder and hazel. Birch pollen 
allergens also induce nasal and respiratory symptoms (D'Amato et al. 2007). The 
allergenic potential of pollen depends not only on the amount of produced allergenic 
compounds, like the major birch allergen Bet v 1 or Phl p 5 of timothy grass, but also 
on  low molecular weight molecules like pollen-associated lipid mediators, so called 
PALMs (Gilles et al. 2012), showing immune-modulatory and –stimulatory effects 
(Traidl-Hoffmann et al. 2009). Allergens, like for instance the major allergen of birch 
pollen Bet v 1, are part of the pathogenesis-related family (PR) of proteins that are 
involved in the defense mechanisms of the host (Swoboda et al. 1994). Also PALMs are 






are threatened by pathogens or are exposed to higher concentrations of heavy metal 
(Thoma et al. 2004; Loeffler et al. 2005).  
The first goal of this thesis´ work was to assess the diversity of microbes (bacteria, 
fungi) associated with pollen from birch and timothy grass by cultivation and 
cultivation-independent molecular techniques. The localization of pollen-associated 
bacteria also was to be determined by staining techniques. Further, the hypothesis in 
this thesis was to investigate, if birch and timothy grass stressed by altered 
anthropogenic factors, also show differences in the associated microbial diversity 
along with an influenced expression rate of allergic and non-allergenic immune-
modulatory compounds and thus changes in the inflammatory potential of pollen. 
Recent studies showed that enhanced ozone-concentrations in the air lead to elevated 
Bet v 1 content in birch pollen, as well as changes in the concentration of produced 
PALMs (Beck et al. 2013). Different factors are in focus being responsible for such a 
development, for example air and soil pollution or other man-made factors affecting 
the plant´s defense system in a long-lasting way.  
1.1 The ecology and structure of pollen grains 
Plants are sessile organisms, a property that makes reproduction processes 
complicated. For germination and fertilization, it is necessary that male microspores 
can contact the female reproductive organs of another plant. To overcome this 
distance problem plants, have evolved elements that are passively distributed and 
carry the male sperm over bigger distances - the pollen grain. In every flowering 
season the produced pollen grains are dispersed via different vectors, e. g. by insects 
(zoophilous), by water flow (hydrophilous) or also by wind (anemophilous), depending 
on morphological characteristics of the pollen (Sitte et al. 2002). In the sense of 
evolutionary development, pollen grains possess a central important role regarding 






pollen sacs in which pollen grains are produced in great quantities. When a pollen 
grain arrives safely on other plants the fusion possibility of the pollen to the female 
stigma cells is highly selective.  Depending on the type of incompatibility-system 
(sporophytic or gametophytic), either chemicals deposited on the exine by the 
tapetum of the pollen interacting with the stigma exudates or chemicals in the pollen 
tube interacting with the cell walls of the style, can inhibit a fertilization (Sitte et 
al. 2002). Hence, only pollen of appropriate species can adhere to the stigma and 
hydrate after signal exchange. Pollen tube germination follows, penetrating the 
aperture and female tissue until it reaches the female ovules. The fusion of the sperm 
with the egg and central cell ends in a zygote and produced endosperm (Wilhelmi & 
Preuss 1999; Zinkl et al. 1999; Figure 1).  
 
Figure 1 Anatomy of fertilization in flowering plants (Wilhelmi & Preuss 1999).                                                             
a) Angiosperm pistil with stigma, style and ovary. Pollen tube growth and penetration of 
female tissue until it reaches the female ovules.                                                                                                 
b) Desiccated pollen (dp) on the stigma cell surface (sc). Pollen grain hydrates (hp), when once 
compatible. Start of the pollen tube germination and growth (pt).                                                                    
c) Pollen tube (pt) approaches individual ovules in the ovary. In each ovule a haploid (1n) 
gametophyte is arranged, containing the egg and central cell nuclei (cn). it = integument tissue, 






As already mentioned above, pollen grains are of a high evolutionary value (Scott 
1994). The pollen grain acts as a biological protector of the male sperm placed in the 
microspore cytoplasm (Ariizumi & Toriyama 2011) inside of the pollen grain. During 
the period of the release from the anther to the arrival on the pistil the pollen grain is 
exposed to harsh conditions, ranging from desiccation, physical damage, UV-light, 
extreme temperatures to microbial attacks. Coping with these challenges pollen grains 
have developed a protective shield preventing also water loss and ensuring their 
viability (Scott 1994; Scott et al. 2004; Ariizumi & Toriyama 2011). The pollen wall 
consists of two main layers, the inner intine and the outer exine, also containing 
several layers (Figure 2).  
 
Figure 2 Typical structure of the angiosperm pollen wall (Ariizumi & Toriyama 2011).                            
a) Scheme of the different appearing layers grouped mainly in exine and intine.                                    
b, c) Transmission electron micrographs of cross section of exine architecture in b) Arabidopsis 
and c) mature rice pollen grains. This diagram represents a cross-section of a nonapertured 
area of pollen grains. 
The chemical composition of the intine is similar to the wall of common plant cell and 






polymers (Wiermann & Gubatz 1992; Ariizumi & Toriyama 2011). The robust outer 
wall, the exine, consists of a multilayered biopolymeric material called sporopollenin 
appearing resistant against biological, chemical and physical degradation (Scott 1994) 
and thus providing strength to the exine. The wall biopolymers consists of aliphatic 
hydrocarbons like long chained fatty acids and phenolic compounds (Ariizumi & 
Toriyama 2011). The pollen wall material is related to the cell wall of fossil green algae, 
fern, mosses and even fungi (Scott 1994). Although the fundamental structure of the 
pollen walls are quite similar among taxa, a high morphological diversity, beginning by 
the number and arrangement of apertures (sites of pollen tube growth) to sculptural 
surface structures, appears. Besides the protective properties, the exine of many 
angiosperm species deposite compounds protecting the plant from inbreeding, making 
the plant self-incompatible and inadequate fertilization can be avoided (Scott 1994). 
The development of the exine with its special properties was an important 
evolutionary step for plants to adapt to and colonize the land (Ariizumi & 
Toriyama 2011).  
1.2 Abiotic and biotic plant interactions 
Plants have to deal with several environmental factors, abiotic and biotic. Among biotic 
factors the interaction with pathogenic and/or beneficial microbes are of great 
importance. 
Abiotic environmental factors 
Abiotic factors can lead to several changes in morphology, physiology, on both 
biochemical and molecular level. Different kinds of abiotic factors have damaging and 
harmful effects, from chemical toxicity to osmotic stress. Naturally appearing heavy 
metals, for example, can lead to chemical toxicity in the plant´s environment and 
hence cause damage to plants (John et al. 2009). Next to heavy metals in solid and 






Tiwari et al. (2006) studied the impact of pollutants (O3, SO2, NO2) on carrot plant´s 
health. Plants were exposed to filtered and not-filtered air in India. Plants growing in 
non-filtered air showed stress symptoms like decreased photosynthetic rate, 
increasing lipid peroxidation or ascorbic acid content. Moreover, three further studies 
(Atkinson 1988; Darrall 1989; Saxe 1991) observed the negative effect of pollution on 
plants in terms of leaf injury, stomatal damage, premature senescence, disturbed 
membrane permeability and reduced growth and yield. Another extreme stress factor 
that can harm plants is osmotic stress, which can be induced by extreme 
temperatures, drought stress as well as high salinity levels. Osmotic stress causes 
imbalance of water-ion-relations in plant cells (Serrano et al. 1999). The activation and 
regulation of stress-related genes is started in plants in order to protect membranes, 
functional and structural proteins and also to get rid of free-radicals and toxic 
compounds (Wang et al. 2003).  
Biotic environmental factors 
Within interactions between plants and biotic environmental factors several different 
kinds of relationships can occur, from damaging effects of parasites or herbivores to 
the supporting effects of symbiotic microorganisms. In the phytosphere, meaning the 
interior and exterior of plants, many different organisms co-exist. A big part of these 
co-existing organisms is represented by microbes, although antimicrobial compounds 
on plants (terpenoids, benzoxacione, flavonoids, isoflavonoids) inhibit the ability of 
colonization for a majority of bacteria and fungi (Bais et al. 2006). Within this thesis we 
focus on the relationship between plants and microorganisms. Plants come in contact 
with bacteria and fungi on the surface of leaves (phyllosphere), stems and roots in the 
soil (rhizosphere). In addition, endophytic colonization of bacteria and fungi occurs. In 
the case of a phytopathogenic bacterial or fungal impact, plants are able to initially 
recognize invaders by certain molecular patterns (chapter 1.3), which further trigger 
immune responses. Also wounds inflicted by herbivores are recognized triggering 






Gibberellin; Erb et al. 2012) in the plant finally induces the production of e.g. volatile 
defense pheromones which are effective even over greater distances (Heil & 
Ton 2008). 
In addition to phytopathogenic microbes, being damaging and harmful for plants, also 
beneficial bacteria occur. These ͞good͟ ďaĐteƌia ĐaŶ positively influence the plant 
growth by providing nutrients. Further, antagonistic activities against pathogenic 
microbes and the production of antibiotic compounds support the plant in competing 
to withstand the challenge of pathogen attack (Annapurna et al. 2013). Moreover, the 
production of siderophores (competition), enzymes (lysis, e. g. chitinase, ß-1,3-
glutanase) and cyanid, which induces an enhanced resistance of the host plant (Kalbe 
et al. 1996), are plant-protective properties of bacteria. The bacteria, in turn, profit 
from the plant by an increased availability of nutrients. Last but not least, symbiotic 
microbes like mycorrhizal fungi or nitrogen-fixing bacteria enter specific interaction 
with plants, based on sophisticated recognition and interaction mechanisms (Mercado-
Blanco 2015). 
Endophytes 
Plants are not only colonized by microbes on their outer surface but also within their 
various tissues. According to Mercado-Blanco (2015) every plant harbour a microbial 
community existing in the plant´s inside. Most endophytic microbes are soil-
inhabitants and, after passing the plant´s exodermal barrier and the root pericycle, the 
bacteria can move inwards to even distant parts in the shoot (Compant 2005; Hardoim 
et al. 2008; Reinhold-Hurek & Hurek 2011). Only a selected number of microbes 
colonizing the plant´s surface are able to withstand the plant´s defense mechanism, 
enter and live in the interior part of plants (Hardoim et al. 2008). Microbes can invade 
via leaves, stems, roots, cotyledons, cracks or wounds. Nevertheless, this group of so 
called endophytes is highly divers in composition and a high variety (hundreds of taxa) 






Berg 2006; Schulz 2006; Mercado-Blanco & Ludgenberg 2014). Per definition, 
endophytes do not cause any apparent delirious effect to the plant, but can play an 
important role for promoting the fitness and the development of the host plant 
(Mercado-Blanco 2015). The resultant, broad spectrum of possible applications in 
agricultural biotechnology makes the group of endophytes so interesting (Mercado-
Blanco & Ludgenberg 2014). Plants provide fixed carbon and energy to plant-
associated microbes, especially bacteria and fungi. So far, no information could be 
found about competitive interactions among endophytic microbes due to limited 
nutrient supply. The inside of a plant seems to provide an ecological niche with highly 
beneficial properties for endophytes, like protection or a constant nutrient supply. 
Nevertheless, the availability of specific nutrients, especially the preferably 
metabolized carbon sources, is assumed to represent a determining factor in forming 
the endophytic community (Mercado-Blanco 2015). In general, soil and plant derived 
conditions influuence the endophytic microbial diversity (Hardoim et al. 2008; van 
Overbeek & van Elsas 2008) 
1.3 Plant defense mechanisms 
Plants when being colonized by microbes and attacked by pathogens respond with 
several defense mechanisms similar to the innate immunity defense of lower 
organisms, although in plants no differentiated, mobile immune cells of adaptive 
immunity occur. According to Jones & Dangl (2006) the innate immune system of 
plants consists of two branches. Initially transmembrane pattern recognition receptors 
(PRR) recognize the presence of essential, conserved structures on the surface of 
pathogenic, non-pathogenic and also saprophytic microbes (Newman et al. 2013). 
These so called microbial-/pathogen-associated molecular patterns (MAMPs/PAMPs) 
contain for example bacterial lipopolysaccharide, peptidoglycans, flagellin, or fungal 
chitiŶ aŶd β-glucan, inducing specific host defense programs (Zipfel & Felix 2005; Trda 






Subsequently the plant recognizes directly or indirectly the presence of a given 
effector by a group of plant resistance (R) gene products, leading to an effector 
triggered immunity (ETI). This interplay between plant defense and pathogenic impact 
is summarized iŶ a ͞zigzag͟ model of immune response. A MAMP-induced immunity 
entails the production of reactive oxygen species (ROS) like nitric oxide (NO), known to 
trigger the synthesis of antimicrobial compounds, PALMs and also pathogenesis-
related (PR) proteins (Newman et al. 2013; Khodai-Kalaki et al. 2015).  
1.4 Stress-induced allergen-expression 
The allergenic potential of pollen depends on the expression of allergenic proteins – 
the allergens – as well as on non-allergenic molecules exerting pro-inflammatory or 
immune-modulatory effects. Among these are NADPH oxidases, proteases, adenosine 
or pollen-associated lipid mediators (PALMs; Gilles et al. 2012). The major allergen of 
birch pollen, Bet v 1, belongs to the above mentioned PR-family of proteins 
(chapter 1.3) and is therefore involved in the defense system of the plant (Swoboda et 
al. 1994). Previous data imply that birch trees exposed to elevated ozone levels 
produce pollen grains with elevated levels of Bet v 1 and an altered PALMs 
composition, leading to higher pro-inflammatory potential (Beck et al. 2013). In other 
studies, PALMs specifically were assumed to play a role in the plant´s stress response 
to pathogens or heavy metal exposure (Thoma et al. 2004; Loeffler et al. 2005). 
Moreover, the influence of abiotic stress may have a modifying effect altering the 
susceptibility of plants to microbial pathogens (Bostock et al. 2014). Therefore, plants 
in a defense mode that was induced by microbes might show changes in the 






1.5 Pollen impact on human health 
Roughly six month per year pollen are produced by plants in huge quantities and 
widely dispersed in order to bring in the plant´s gene pool into the next generation. 
During this pollination period many people suffer from allergic diseases like pollinosis, 
rhinitis, asthma and others induced by airborne pollen. Higher organisms developed a 
highly evolved defense mechanism against undesirable invaders, the immune system. 
Besides the predetermined, innate immunity an additional and even more effective 
defense mechanism was developed by vertebrates, the so called specific, adaptive 
immunity. This enables vertebrates to deal with abnormal or degenerated cells 
produced by their own body, but also with foreign, potentially threatening organisms 
like parasites, viruses or microbes (Müller & Frings 2007).  
The adaptive immune system of the human body consists of several different cells like 
T-lymphocytes, B-lymphocytes (B-cells), Plasma- and Memory cells. By an invasion of 
foreign or abnormal substances (= antigen), specific antigen fragments are recognized. 
After a cascade of complex biochemical reactions the immune response is taking place 
by presenting an antigen-complex on the surface of dendritic cells. Molecular 
interactions with T- and B-cells induce the attack of infected cells (= cell-mediated 
immunity) or the production of antibodies (=immune globulie, Ig) by Plasma cells 
(=humoral immunity). In terms of allergenic reactions an immune response is mediated 
by produced IgE-antibodies (Müller & Frings 2007).  
Certain compounds produced by pollen also lead to an IgE-mediated immune 
response. Allergenic compounds, like the major allergen of birch pollen Bet v 1, and 
non-allergenic, immune-modulatory and -stimulatory compounds like pollen-
associated lipid mediators (PALMs), can trigger the progress of an allergenic immune 
response and further allergic symptoms (Traidl-Hoffmann et al. 2009). Beside the well-
known respiratory symptoms rhino-conjunctivitis and asthma, also organs like skin 






by an allergenic reaction. Even most dangerous health crisis like anaphylactic shock can 
be triggered by pollen (reviewed in Gilles et al. 2012).  
With regard to the increasing sensitization rates to pollen allergens, which are 
estimated to range from 20% to 30% in Germany (Boehme et al. 2013), in Europe even 
up to 40% (D'Amato et al. 2007), and the fact that environmental factors may lead to 
alteration in the inflammatory potential of pollen grains, this thesis would shed light 
on certain abiotic (pollution) and biotic (microbial load) factors due to their inter-
relationship to the expression of allergen-related compounds in major allergenic pollen 
grains of timothy grass and birch tree. 
1.6 Modern methods of molecular microbiology  
With the advancement of cultivation-independent molecular genetic methods (tRFLP, 
454-Pyrrosequencing, 16S-rDNA amplicon sequencing) in the last 20 years, the 
determination of bacterial compositions has come into more focus. No matter what 
kind of habitat - from the human skin, over the entomological gut to plant tissue - the 
colonizing bacterial community can be determined on a broad spectrum. Next to the 
frequently studied microbial community associated to the phyllosphere and 
rhizosphere, the bacterial colonization on plant pollen has also received more 
attention. So far, however, the studies about pollen microbiome were mostly in 
association to insects, like honey bees, carpenter bees or other hymenopteran species 
in terms of food storage and brood provision (Keller et al. 2013; Lozo et al. 2015; 
McFrederick & Rehan 2016). The bacterial community associated to allergenic pollen 
directly collected from trees or spikes were only rarely analyzed so far. Cultivation 
dependent analyses were performed regarding the immunological impact of pollen-






In relation to the actual analyses used in this study to determine the composition of 
pollen-associated microbial community, these methods in molecular microbial ecology 
are explained in short:  
Traditional cultivation methods are able to provide only a biased view of the members 
of microbial communities in environmental habitats, such as soils or plants. Usually 
only a small percentage of bacterial and fungal species can be isolated in standard 
laboratory media and culture conditions. This so called ͞plate ĐouŶt aŶoŵalǇ͟ is 
caused by conditions that are not suitable for several microorganisms (Amann et al. 
1995; Staley & Konopka 1985), e. g. too much oxygen, low humidity, surrounding 
microbial community (competing/symbiotic), or many microbes that entered a non-
cultivable state (Madigan & Martinko 2009). To get a comprehensive overview of the 
bacterial community by cultivation-dependent methods approaches including a high 
number of different selective media would be necessary. But, nevertheless, all the so 
far unknown species that have never been cultivated before would still be missing 
(Amann et al. 1995). But, still this is the only way to get a chance to study certain 
microbial species later in detail. Restriction fragment length polymorphism (RFLP), a 
molecular method for creating DNA-fragments with specific length and combined with 
comparative gel electrophoresis, provides a reliable tool to distinguish even 
morphologically very similar strains.  
For the determination of bacterial (16S-rRNA coding genes) and fungal diversity 
(Internal Transcribed Spacer Region ITS1-2) and to compare community structure of 
microbes colonizing environmental habitats in a rather unbiased manner, several 
DNA-based molecular methods are in common use. Besides using a denaturation 
gradient gel electrophoresis (DGGE) or clone libraries, also a terminal restriction length 
polymorphism (tRFLP) and 16S-rDNA based amplicon-sequencing (Illumina, 454-
Pyrosequencing) arose. As described as highly sensitive (reviewed in Dickie & FitzJohn 
2007), the tRFLP-analysis was the method of choice for determining bacterial and 






combined: 1) Amplification of labeled DNA fragments by polymerase chain reaction 
(PCR). 2) Amplicon-digestion with restriction endonucleases creates terminal restricted 
fragments. 3) A separation of DNA fragments according to their size by performing a 
nucleic acid electrophoresis. Insofar as no identification of the detected DNA-
fragments happened in terms of tRFLP-analyses, another modern technique was used 
to identify the bacterial community composition: In the last years the interest in 
microbial community composition increased, leading to a rapid development in 
molecular analysis, which so far climaxed in the relative cost-efficient, high-throughput 
competent amplicon sequencing of the Illumina HiSeq/MiSeq platforms. Although, 
technical issues are mentioned in literature like PCR primer bias or a different 
efficiencies in DNA-extraction (Caporaso et al. 2012), this method can provide a 
preferably good overview of the pollen-associated microbiome. 
Furthermore, to complete the bacterial community analyses and show actual 
colonization, images of pollen colonized by specific bacteria were provided to round up 
this thesis. A well-established staining method, the Fluorescent in situ Hybridization 
(Amann et al. 1990) that is able to distinguish between several bacterial levels (from 
class to species), was used. The technique of Fluorescent in situ Hybridization basically 
uses short DNA sequences (probes), targeting and binding on the rRNA of bacterial 
cells. Various and highly conserved sequence domains make the differentiation of 
different bacteria in a community possible (Amann & Fuchs 2008). The method is easy 
to handle, cost- and time-efficient and provided a further possibilityto confirm the 








1.7 An overview of the thesis 
Beginning with cultivation-dependent approaches, the colonization of allergenic pollen 
was demonstrated by identification of bacterial and fungal species isolated from birch 
and timothy grass pollen. Next, 16S-rDNA amplicon sequencing (Illumina MiSeq) 
provided a deeper insight in abundances of identified bacteria on family and genus 
levels. The colonization of birch and timothy grass pollen was illustrated by microscope 
images after the application of a Fluorescent in situ Hybridization method and confocal 
Laser-scanning microscopy (CLSM). Furthermore, bacterial and fungal colonization 
patterns of different pollen species were analyzed by cultivation-independent methods 
like terminal restricted fragment length polymorphism (tRFLP), resulting in the 
calculation of α-diversity indices and the illustration via ordination and dendrogram 
plots. The potential influence of environmental pollution parameters to the diversity of 
bacterial and fungal communities were studied based on correlation patterns and 
scatterplots. Also different contents of produced allergen concentrations in the pollen 
were correlated to the extent of microbial diversity.  
In this doctoral thesis, data about plant parameters were provided from the 
cooperation partner Dr. Ulrike Frank (Institut für Biochemische Pflanzenpathologie, 
Helmholtz Zentrum München). Pollen-collections, allergenicity-related and 
environmental parameters were provided by the group of the cooperation partner Dr. 









2 MATERIAL AND METHODS 
2.1 Sample collection and preparation 
Catkins from birch trees (Betula pendula) were collected in the flowering seasons April 
2013 (n = 40), 2014 (n = 55) and 2015 (n = 57) at rural and urban locations in and 
around Augsburg by the working group of Dr. Stefanie Gilles (UNIKA-T, TUM).   
Timothy grass (Phleum pratense) spikes were collected from meadows in urban and 
suburban areas of Munich as well as from rural meadows in Bavaria during the 
flowering season in June of 2013 (n = 13), 2014 (n = 20) and 2015 (n = 11), in 
collaboration with Dr. Ulrike Frank (BIOP, Helmholtz Zentrum München) and 
Dr. Stefanie Gilles (UNIKA-T, Augsburg). 
Freshly collected inflorescences were dried overnight in order to extract pollen 
preferably quantitative using sieves (Retsch®, Haan, Germany) with pore-sizes of 
100 µm and 71 µm. For culturing approaches pollen grains were placed in 25%-glycerol 
and stored at -80 °C  Freezer (Thermo Electron LED GmbH, Langenseibold, Germany) 
and for culture-independent methods pollen grains were prepared as described in the 
following chapter 2.2 and stored at -20 °C Freezer (Liebherr, Darmstadt, Germany). 
2.1.1 Preparation of culture stocks 
Liquid cultures of bacterial and fungal isolates were grown over night in respective 
media, transferred in 2 ml reaction tubes (Eppendorf) and pelleted with a 
centrifugation (7000 rpm for 5 min; 5417R, Eppendorf). Furthermore the pellets were 
washed twice in 1xPBS and re-suspended in 25%-glycerol. The cell suspension was 
transferred to 1.8 ml cryotubes (Karl Roth GmbH, Karlsruhe, Germany) and stored at 
-80 °C. 





2.1.2 Preparation for community analysis 
80-85 mg of freshly sieved pollen were re-suspended in 330 µl of 1xPBS and stored at 
-20 °C. After vortexing 100 µl of the homogenous suspension was used for DNA-
isolation and further community analysis.  
The remaining volume served as backup for eventually required replicates. 
10x PBS  NaH2PO4 (100 mM) 12 g 
 Na2HPO4 (100 mM) 14.2 g 
 NaCl (1.3 M) 76 g 
 ad H2Odem 1000 ml 
 pH  7.2-7.4 
   
1x PBS 10x PBS 100 ml 
 H2Odem 900 ml 
 
2.2 Cultivation of pollen-associated microbes 
2.2.1 Selection of pollen samples for cultivation 
First of all it was important to proof, if cultivation of pollen-associated microbes is 
feasible at all. Previously cultivation based approaches were performed with timothy 
grass pollen sampled from five different urban and rural locations in 2013 (explained in 
the next chapters). As this was done before the beginning of this dissertation work, 
unfortunately no images could have been taken showing the morphology of the single 
isolates. Nevertheless, the colonies isolated from timothy grass were identified as a 
part of this work and therefore they are also listed in the result part. Inoculation-
conditions like temperature and media were similar to those described for the 
inoculation of birch pollen sample (chapter 2.2.2 and 2.2.3). 
For further cultivation approaches performed with birch pollen a limited number 
(n = 5) of samples were selected from the whole pollen set collected in 2014 according 





to extreme nitrogen dioxide (NO2)-pollution values in the air, extreme content of the 
allergen Bet v 1 in pollen as well as high and low levels of terminal restriction 
fragments reflecting the bacterial contamination (Table 1). 
Table 1 Overview of the selected birch pollen samples for microbial isolations according to 
their content of the allergen Bet v 1, the number of different bacterial fragments (n(tRFs)) and 
the NO2 pollution values at the sample sites. The values were compared to the mean value of 
the whole birch pollen data set 2014.   
sample site n(tRFs) 
NO2-pollution 
[µg/m3] 
Bet v 1 content  
[ng/10mg] 
#16 62 37 7127.41 
#34 93 11 4025.97 
#52 130 22.6 19870.59 
#55 148 not reported  7310.69 
#61 140 23.1 24382.76 
mean value over all 55 pollen 
samples 
96.8 24.2 10010.7 
 Color scale: 
 
2.2.2 Preparation of media for cultivation 
Media were prepared with deionized water (H2Odem) and 1.5 % agar was added (Table 
2). For media sterilization autoclaving systems (Systec D65 and Systec V65, Systec 




low middle high 





Table 2 Ingredients of media used for cultivation and isolation of bacteria and fungi colonizing 
pollen from birch and timothy grass. 
Medium Ingredients Amount 
LB (Luria-Bertani)-medium          
Bertani 1951 (mod.) 
Peptone (casein) 10 g 
yeast-extract 5 g 
NaCl 10 g 
H2Odem 1000 ml 




(Fluka, Buch, Schweiz) 
Potato-extract 4 g 
Dextrose 20 g 
H2Odem 1000 ml 
pH 7.0  
  
  
BHI-Agar                                      
(Fluca, Sigma-Aldrich,  
Germany) 
Brain-heart-infusion 37 g 
H2Odem 1000 ml 
pH 7.0  
  
  
R2A-Agar   
(Merck, Germany) 
Yeast-extract 0.5 g 
Proteose peptone 0.5 g 
Casamino acids 0.5 g 
Glucose 0.5 g 
Soluble starch 0.5 g 
Na-pyruvate 0.3 g 
K2HPO4 0.3 g 
MgSO4 x 7H2O 0.05 g 
H2Odem 1000 ml 
pH 7.0  
  
  
SDA   Glucose 32 g 
Peptone (casein) 8 g 
H2Odem 1000 ml 
pH 7.0  
 
 





2.2.3 Conditions of cultivation of microbes 
Pollen samples (n = 5) suspended in 1xPBS have been used for inoculation of five 
different media (BHI, PDA, LB, R2A, SDA) which were incubated at three different 
temperatures  (RT, 30°C, 37°C) for 2-3 weeks. Morphologically different colonies were 
transferred on new and sterile agar plates. Subsequently these isolated cultures were 
used for preparing long term stocks and DNA-extraction via liquid overnight culture. 
Therefore test tubes were filled with 4-5 ml appropriate liquid media and inoculated 
with a single colony. Test tubes were incubated aerobically at 175 rpm and the 
appropriate temperature in incubators (Innova 4200, New Brunnswick Scientific, 
Edison, NJ, USA; Memmert, Schwabach, Germany).  
2.2.4 Differentiation of isolated pure cultures by Restriction Fragment Length 
Polymorphism (RFLP) 
According to obtain pure cultures bacterial and fungal isolates were separated. 
Although colonies with different morphologies were selected, the possibility existed 
that some isolates were identical. Different colors of the used media led to variable 
appearance of the colonies. For a distinct differentiation of isolates the extracted DNA 
was firstly amplified performing a polymerase chain reaction (PCR). Therefore the 
universal primer pairs binding on eubacterial 16S rRNA coding genes (27f/1492r) and 
the internal transcript spacer region of fungal DNA (ITS1/ITS4; Table 3) were used. The 
PCR was performed using the TopTaq Polymerase Master Mix (Qiagen). A total amount 
of 50 µl of this master mix contained 10 ng of extracted microbial DNA. The further 
amplification procedure of bacterial 16S-rDNA was performed with a thermocycler 
(PeqLab) and performed as followed: initial denaturation at 94°C for 5 min, 30 cycles of 
denaturation (94°C, 45 sec), annealing (59°C, 45 sec) and elongation (72°C, 45 sec) and 
final elongation with an extension at 72°C for 5 min.  
 





Table 3 Primer pairs used for amplification of bacterial 16S-rRNA coding genes or fungal 
ITS1-ITS2 region. Binding positions of 16S-rDNA primers 27f/1492r refer to binding position in 
E.coli (Brosius et al. 1978). 
primer  5´-3´-sequence Binding position Ref. 
ITS1 
TCC GTA GGT GAA 
CCT GCG G 
ITS1 - SSU (White et al. 1990) 
ITS4 
TCC TCC GCT TAT TGA 
TAT G 
ITS2 - LSU (Gardes & Bruns 1993) 
27f 
AGA GTT TGA TCM 
TGG CTC AG 
8-27 (Edwards et al. 1989) 
1492r 
GGT TAC CTT GTT ACG 
ACT T 
1492-1513 (Turner et al. 1999) 
 
For the amplification of the fungal ITS region also 10 ng of extracted DNA was used and 
the PCR was processed as follows: initial denaturation at 94°C for 5 min, 30 cycles of 
denaturation (94°C, 45 sec), annealing (57°C, 45 sec) and elongation (72°C, 45 sec) and 
closing the procedure with a final extension at 72°C for 5 min.  
In further steps amplified bacterial DNA was digested using  restriction endonucleases 
MspI (HpaII; 5´-C^CGG-3´, incubation in Tango buffer at 37 °C for 2h; Thermofisher 
Scientific) and RsaI (5´-GT^AC-3´, incubation in Buffer R at 65 °C for 3h; Thermofisher 
Scientific) for bacterial isolates (Buddrus-Schiemann 2008) and TaiI (MaeII; 5´-ACGT-3´, 
incubation in buffer R at 65°C for 3h; Thermofisher Scientific) for fungal isolates (Weikl 
et al. 2016). The restriction procedure followed the manufacturer´s instruction. 
 Restriction-Mastermix:  nuclease free water 7 µl 
 recommended buffer 2 µl 
 restriction enzyme 1 µl 
 PCR-product (10 ng) 10 µl 
    
 





Thereafter, fragments of specific length were created and analyzed by horizontal 
agarose gel electrophoresis (chapter 2.2.5). Modified settings (75V, 120 min) led to a 
distinct separation of band patterns on the gel which allowed a differentiation of 
morphologically similar colonies (Figure 23 and Figure 24, pp. 137). 
2.2.5 Horizontal agarose gel electrophoresis 
DNA fragments can be separated in an electric field. Depending on the molecular 
weight the DNA fragments move in different speed from the cathode (+) to the 
anode (-). With a standard ladder, containing fragments with different length, it is easy 
to determine the sequence length of DNA-fragments. 
To verify the correct length of amplified 16S-/ITS-DNA-fragments a horizontal 
1%-agarose gel-electrophoresis (120 V, 45 min) was performed using ethidium 
bromide staining for visualizing the DNA-bands under UV-light. The ethidium bromide 
(3µg/100 ml) was included in the gel.  
The gel was placed in 1x TAE-buffer. After loading the wells with the DNA samples 
mixed with a 6x Loading Dye (Fermentas) a separation was induced by applying 
80-120 V, 100W.  
2.2.6 Identification of microbial isolates from pollen 
Amplified purified 16S-rRNA coding genes and ITS-regions were sequenced by 
SequiServe GmbH (Vaterstetten, Germany) using Sanger technology. At first the 
sequences were edited using the freeware BioEdit Sequence Alignment Editor 
version 7.2.3 (Hall 1999) and then for a rapid classification the NCBI (National Center 
for Biotechnology Information) online database BLAST was used. Herein the sequences 
were compared to other already known sequences for homologous similarities 
(Altschul et al. 1997).  





For further calculation of phylogenetic trees, the sequences were aligned using the 
SINA alignment tool on the homepage of silva, a high quality rRNA database 
(http://www.arb-silva.de/aligner/; Pruesse et al. 2012). The calculation of phylogenetic 
trees of the isolated sequences together with the nearest relatives was performed 
using the Linux-based software package Arb (Strunk & Ludwig 1997). After proof-
reading of the sequences by comparing uncertain bases to the respective 
electropherogram, phylogenetic trees were created using Neighbor-joining method 
based on a pairwise distance matrix (Saitou & Nei 1987). 
2.3 Molecular-biological standard techniques 
2.3.1 Extraction of chromosomal DNA from isolated pure cultures 
Isolated pure cultures were grown overnight by inoculation of liquid media and 
incubating in a rotator at 37 °C. Then liquid cultures were centrifuged (5 min, 
7000 rpm) and the pellet was transferred to a Matrix lysing tube of the FastDNA Spin 
Kit (MP Biomedicals). Chromosomal DNA was extracted according to the 
manufactureƌ’s iŶstƌuĐtioŶ. Foƌ Đell hoŵogeŶizatioŶ a FastPrep 24 (40 sec, 6 m/s; MP 
Biomedicals) was used. 
2.3.2 Extraction of microbial community-DNA 
Previously several methods for bacterial/fungal DNA-extraction (phase- or spin-column 
techniques) including different kinds of cell-lysis-steps (mechanical or enzymatic) were 
compared. Based on the results of these pre-experiments the DNA-extraction with the 
FastDNA Spin kit for soil (MP Biomedicals) was selected to be the best in terms of 
reproducibility, which was tested by technical replicates (k = 3). An enhanced 
effectivity was achieved by including an additional enzymatic cell-lysis step to the 
already recommended mechanic cell-lǇsis iŶ the ŵaŶufaĐtuƌeƌ’s iŶstƌuĐtioŶ. Theƌefoƌe 





the pollen-PBS-suspension was incubated with lysozyme (1µg/µl) at 37°C for 1h. Apart 
fƌoŵ that the ŵaŶufaĐtuƌeƌ’s iŶstƌuĐtioŶs ǁeƌe folloǁed.  
2.3.3 Purification of isolated DNA 
DNA extracted from pure cultures as well as from pollen-associated microbial 
community were released from components of enzymatic reactions (e. g. 
amplification, restriction digestions) using the NucleoSpin Gel and PCR Clean up kit 
(Macherey & Nagel), according to the ŵaŶufaĐtuƌeƌ’s iŶstƌuĐtioŶ. Afteƌ puƌifiĐatioŶ the 
concentration of the amplified DNA was determined with the Nanodrop 1000 
spectrophotometer (chapter 2.3.4). 
2.3.4 Determination of DNA-concentrations 
Nucleic acids were measured photo ŵetƌiĐallǇ at ǁaǀeleŶgth λ = Ϯ6Ϭ Ŷŵ usiŶg a 
spectrophotometer (Nanodrop 1000, Thermo Scientific). To ensure the purity of DNA 
the purity coefficients have been calculated. The ratio of sample absorbance at 
λ = 260/280 nm should be approximately 1.8 for pure DNA; lower values would 
indicate the presence of phenol and proteins. The coefficients of absorbance at 
λ = 260/230 nm should be in the range of 1.8-2.2 to ensure the purity of nucleic acids. 
Lower values of this coefficient indicate the co-purification of other contaminants 
(Nanodrop 1000 v3.7 user manual). 
2.4 Bacterial community determined by amplicon sequencing 
Using the Illumina MiSeq platform (Illumina Inc., USA) the composition of a bacterial 
community can be sequenced and hence identified. The preparation of the amplicon 
liďƌaƌǇ ǁas ďasiĐallǇ peƌfoƌŵed ďǇ folloǁiŶg the pƌotoĐol ͞ϭ6“ MetageŶoŵiĐ 
“eƋueŶĐiŶg LiďƌaƌǇ PƌepaƌatioŶ͟ ;IlluŵiŶa IŶĐ., U“AͿ. IŶ the Đase of polleŶ-associated 





bacterial community a relatively high abundance of plastid DNA (mitochondria, 
chloroplasts) was co-amplified. In order to avoid a misinterpretation of the results of 
bacterial community based on high amounts of plastid sequences, it was necessary to 
exclude them. 
2.4.1 Sample selection 
Initial experiments of Illumina Sequencing with 799f/1492r primers led to positive 
results, so a bigger sample set was analyzed. Based on statistical results of other 
experiments in this doctoral thesis birch pollen samples with different allergen 
contents (Bet v 1, Table 4), birch pollen samples collected in areas with different NO2 
concentrations (Table 5) and further grass pollen containing different amount of 
PALMPGE2 (Table 6) were chosen. It is also important to mention, that pollen samples 
















Table 4 Selection of birch pollen samples with increasing amount of Bet v 1 allergen. All birch 
pollen samples were collected in and around Augsburg, Germany.  












Table 5 Selection of birch pollen sample-sites with increasing air concentration of NO2. All 
birch pollen samples were collected in and around Augsburg, Germany. 


















Table 6 Selection of timothy grass pollen samples with increasing amount of PALMPGE2. All the 
samples of timothy grass pollen were collected in and around Munich, Germany. 










2.4.2 Separation of plastid DNA performing 16S-PCR with 799f/1492r 
Illumina sequencing of the bacterial 16S-community were separated from 
mitochondrial and chloroplast DNA by amplifying 16S-rDNA using the 799f forward 
primer in combination with the 1492r reverse primer (Chelius & Triplett 2001). For 
amplification 12.5 µl of the NEBNext High Fidelity 2x PCR Mastermix (New England 
Biolabs, Inc.) was used in combination with the forward and reverse primers (each 
5 pmol, Table 7), 1% BSA and 100 ng of DNA in a complete approach of 25 µl per 
sample. The conditions of thermal cycling were as followed: 95°C for 3 min, followed 
by 28 cycles of 94°C for 20 sec (denaturation), 53°C for 40 sec (annealing) and 72°C for 
40 sec (elongation). The final extension step was at 72°C for 7 min. 
 
 





Table 7 Primer sequences. Forward and reverse primers used for plastid exclusion doing 
Illumina sequencing. Binding positions of 16S primers refer to E.coli sequence (Brosius et 
al.  1978). 
primer  5´-3´-sequence Binding position  Ref. 
799f 
AAC MGG ATT AGA 
TACC CKG 
781-799 (Chelius & Triplett 2001) 
1492r 
GGT TAC CTT GTT ACG 
ACT T 
1492-1513 
(Turner et al. 1999; Chelius 
& Triplett 2001) 
 
Different binding positions in 16S-DNA and mitochondrial DNA led to different band 
lengths which were visible in a 2% agarose gel electrophoresis (chapter 2.2.5). After 
electrophoretic separation the 735 bp band of the amplified bacterial 16S-rDNA was 
eluted from the gel (Figure 3) and purified with NucleoSpin Gel and PCR Clean up kit 
(Macherey &Nagel; chapter 2.3.3). In order to keep the amount of randomly amplified 
artifacts on low level, the PCR products were produced in triplicates and pooled after 
purification (as described in chapter 2.3.3). Moreover, the quality of the pooled PCR-
triplicates was additionally checked using the Bioanalyzer (Chips 7500 DNA, Agilent 
Technologies). 
    
Figure 3 Agarose gel electrophoresis of amplified 16S-rRNA coding genes of Bacteria and 
mitochondria. Used primer 799f binds on different positions in mitochondrial and bacterial 
DNA, therefore bands of different length appear in the gel and can easily be separated. 
negC = negative control. Standard = 1kb plus ladder (Fermetnas). 






Since the PCR-products obtained by the above amplification step were too long for 
Illumina Sequencing, a Nested-PCR with the internal primer pair 1115f and 1492r 
including Illumina specific adaptors (Table 8) had to be performed. NEBNext 2x PCR 
Mastermix and thermal cycler conditions were set up analogous to the first 16S-PCR 
approach for plastid separation (chapter 2.4.2). In order to keep the bias co-produced 
during the PCR process on a low level, the number of cycles in the Nested-PCR was 25 
instead of 28 (Suzuki & Giovanonni 1996).  
Table 8 Primer sequences. Primer pairs including Illumina specific adaptors used for Nested-
PCR. Binding positions of 16S primers refer to E.coli sequence (Brosius et al. 1978). 
primer 5´-adaptor-primer-3 Binding position  Ref. 
illum1115f 
TCG TCG GCA GCG TCA GAT 
GTG TAT AAG AGA CAG CAA 
CGA GCG CAA CCC T 
1100-1115 
(Redford et al. 
2010) mod. 
illum1492r 
GTC TCG TGG GCT CGG AGA 
TGT GTA TAA GAG ACA G 
GGT TAC CTT GTT ACG ACT T 
1492-1513 
(Turner et al. 
1999) 
 
Although the 16S-DNA bands were eluted the amplified products were again be tested 
for good quality using the Bioanalyzer (Chips 7500 DNA, Agilent Technologies). 
2.4.4 Quantification of DNA with PicoGreen 
To prepare a plate for quantitative measurement of the DNA concentration on the 
photometer the protocol of the QuantIT Kit (life technologies, Oregon, USA) was used. 
PicoGreen solution was added to the DNA samples and a standard dilution series was 
prepared with the following concentrations: 25 ng/µl, 12.5 ng/µl, 6.25 ng/µl, 
3.13 ng/µl, 1.56 ng/µl, 0.78 ng/µl and 0.39 ng/µl. The dilution series was used to create 
a straight calibration line for an exact calculation of DNA-concentration. The coefficient 





of determination R2 of the regression line had to fit most perfectly with the standard 
series, at least 99.9%.  
2.4.5 Indexing PCR  
Firstly the DNA was diluted to 10 ng/µl, hence 1 µl was dispensed in Mastermix of the 
Indexing-PCR. This PCR approach is similar to the first 16S-DNA amplification at the 
beginning of Illumina procedure. The Mastermix with a total amount of 25 µl per 
sample contained 12.5 µl of NEBNext High Fidelity 2x PCR master mix (New England 
Biolabs, Inc.), 2.5 µl of specific indices (Table 9 and Table 10) and 10 ng of amplified 
16S-rDNA.  
Table 9 The matrix shows the index-primer pairs combination (set C) for every sample for 
Illumina indexing-PCR. E. g. sample with ID01 was performed with primer pair N703 (reverse) 
and S521 (forward). 
Primer N703 N704 N705 N706 
S513 3 11 19 
S515 4 12 20 
S516 5 13 21 
S517 6 14 22 
S518 7 15 23 
S520 8 16 24 
S521 1 9 17 25 










Table 10 Sequences of the used primers for Illumina sequencing.                                               
Source: http://seq.liai.org/204-2/  
ID 5´-index-3 
S513 forward TCGACTAG 
S515 forward TTCTAGCT 
S516 forward CCTAGAGT 
S517 forward CGCTAAGA 
S518 forward CTATTAAG 
S520 forward AAGGCTAT 
S521 forward GAGCCTTA 
S522 forward TTATGCGA 
N703 forward AGGCAGAA 
N704 forward TCCTGAGC 
N705 forward GGACTCCT 
N706 forward TAGGCATG 
 
The thermal cycling procedure had the following set up: heating up to 98°C for 30 sec, 
followed by 8 cycles containing an denaturation step at 98°C for 10 sec, a primer 
annealing at 55°C for 30 sec and the elongation step at 72°C for 30 sec. The final 
elongation was about 5 min at 72°C. Indexed PCR-products were again purified with 
the NucleoSpin Gel and PCR Clean up Kit (Macherey & Nagel, chapter 2.3.3). 
2.4.6 Equimolar pooling 
At first the DNA-concentration of the index-PCR products was quantified with a 
photometer using the QuantIT kit from Roche, as already explained above. Then, for 
pooling the index-PCR products in equimolar concentration, the DNA-concentration 
was calculated in nM, based on the molar mass of the four nucleic bases and the size 
of DNA amplicons as it was determined by the Bioanalyzer (Agilent Technologies). 





DNA-concentration in nM =   
The DNA was diluted with recommended resuspension buffer and 4 nM of each 
index-PCR product was pooled and aliquots of 5 µl were prepared for Illumina 
sequencing. The amplicon library was sequenced with the Illumina MiSeq System 
(Illumina Inc., USA) using the MiSeq Reagent kit v3 (600 cycles) (Illumina Inc., USA). 
2.4.7 Illumina BaseSpace Data Analysis 
The final analysis of the bacterial community data performed with Illumina MiSeq was 
done by Dr. Matthias Reiger (UNIKA-T, Augsburg) using the Illumina BaseSpace, a 
platform included for Illumina-data analysis and recommended by the manufacturer 
(Roche, Munich). 
2.5 Fluorescence in situ Hybridization (FISH) 
For detection of bacteria on pollen from timothy grass (Phleum pratense) the 
culture-independent method Fluorescent in situ Hybridization (FISH) was performed. 
Therein fluorescently labeled probes bind complementarily to specific regions of the 
rRNA of bacteria, so that the occurrence of bacteria on pollen can be shown with 
epifluorescence (Axioplan2, Zeiss, Germany) or confocal microscopy (LSM-510-Meta, 
Zeiss, Germany). 
2.5.1 Fixation in paraformaldehyde (PFA) 
PFA induces a cross-linking of the murein layer of bacteria leading to a higher density 
of cell-wall. Thus stabilized, the bacteria keep their shape even over longer storage 
period. Freshly sieved birch and grass pollen was transferred to a 1.5 ml reaction tube, 
covered with 500 µl of 4 % PFA (PFA/PBS = 3:1) and stored at least 1 h at 4 °C. After 





treating with PFA the pollen-bacteria suspension was washed twice with 1x PBS 
(centrifugation steps: 2 min ant 7500 rpm; Eppendorf Centrifuge 5417R) to get rid of 
remaining PFA. Fixatives were stored in Ethanol/1xPBS-solution (3:2) at -20 °C (Amann 
et al. 1990).  
2.5.2 Hybridization 
For hybridization, 1-3 µl of pollen suspension was placed on a microscope slide 
containing 8 sample wells (Roth, Karlsruhe, Germany). After evaporation of the 
EtOH/PBS content the pollen samples were dehydrated with Ethanol (50%, 80%, 100%) 
for each 3 min to enhance the osmotic pressure of the bacterial cells (Amann et al. 
1990; Hoshino et al. 2008). After air drying a hybridization buffer was added including 
35 % of formamide, which simulate the necessary hybridization temperature for probe 
binding complementarily on the rRNA sequence. The higher the amount of included 
formamide, the higher is the stringency during hybridization (Alqueres et al. 2013). 
Hybridization buffer: NaCl (5M) 360 µl 
 Tris/HCL (1 M, pH 8) 40 µl 
 Formamide 700 µl 
 H2Odest 900 µl 
 SDS (10% w/v) 2 µl 
 
Previous experiments showed that the pollen grain itself, no matter if obtained from 
birch or timothy grass, show a rather high auto-fluorescence. This fact had to be 
considered when choosing the staining dye of the probes, because it turned out that 
probes including Fluorescein (Fluos) were not suitable for use. With a lower 
fluorescence the structure of the pollen was to be fine, but bacteria could not be 
detected; a brighter fluorescence, in contrast, led to nicely illustrated bacteria in the 
surrounding area of the pollen, but the pollen grain itself was much too bright as to 
see any structures.  





The staining-dyes Cy3 and Cy5 visible in red and blue channel worked better, therefore 
a mixtures of the following 16S rRNA targeted oligonucleotide probes were used: 
EUB-338-I, II, III Cy5 binding on most bacteria and used for both plant pollen species, 
ALF-1b Cy3 specific for most α-Proteobacteria and used for birch pollen samples, and 
GAM-42a Cy3 specific for ɶ-Proteobacteria and used for timothy grass pollen 
(Table 11).  
Table 11 Probes including staining-dye (Cy3 = red; Cy5 = blue) used for FISH. Probes: EUB-338 
universal for most Bacteria, ALF1b specific for most α-Proteobacteria, GAM-42a specific for 
γ-Proteobacteria. Binding positions of 16S probes refer to E.coli 16S sequence (Brosius et 
al. 1978). 

















(Manz et al. 1992; 





(Manz et al. 1992; 
Manz et al. 1994) 
 
1 µl of a probe working solution (30µg/ml) together with 8 µl hybridization buffer was 
pipetted on to the pollens sample and the slide was placed in a humid chamber. 
Therein the samples were incubated for at least 1.5 hours at 46 °C. Furthermore the 
hybridized samples were washed with pre-warmed (48 °C) washing buffer and 
incubated for 20 min at 48 °C (Stoffels et al. 2001; Hoshino et al. 2008) to get rid of 
unspecific bounded probes. Subsequently, the slide were rinsed with H2OmilliQ and 
dried by air in the dark. 





Washing buffer: Tris/HCL (1 M, pH 8) 1 ml 
 EDTA (0.5 M, pH 8) 500 µl 
 NaCl (5 M) 700 µl 
 H2Odest 50 ml 
 SDS (10 % w/v) 50 µl 
 
2.5.3 Confocal Laser Scanning- and Epifluorescence Microscopy 
For microscopic analysis samples on the slide were embedded in Citifluor-AF1 
(CITIFLUOR Ltd, London, Great Britain) and covered with cover slip (Stoffels et al. 
2001). The bacteria colonizing pollen were visualized using a confocal laser scanning 
microscope LSM-510-Meta (Zeiss, Oberkochen, Germany) was used. The excitation of 
the fluorophores Cy3 (543 nm; red) and Cy5 (633 nm; blue) was realized with two 
helium neon lasers, for Fluos (488 nm; green) the microscope was equipped with an 
argon laser. For taking and editing images the LSM Image Browser software version 
2.80 (Zeiss) was used. 
2.6 Environmental and allergenicity related parameter 
Pollution parameters have been measured on every sample site where birch pollen 
was collected in 2014 (n = 55). The ambient air-pollution concentrations of nitrogen 
dioxide (NO2), ozone (O3) and ammonia (NH3) were measured on-site the trees by the 
working group of Dr. Stefanie Gilles (UNIKA-T, TUM), as well as the calculation of the 
Urbanization Index (UI) was performed. Moreover the content of allergens (Bet v 1; 
Phl p 5) and PALMs (PALMPGE2, PALMLTB4) were determined by the group of Dr. Stefanie 
Gilles via ELISA as described in Beck et al. (2013). All the raw data related to 
environmental allergen parameters were shared under an agreed cooperation for 
further statistical correlation analysis. 





The raw data of the stress induced NADPH-oxidase activity in birch pollen was 
measured and provided by the collaboration partner Dr. Ulrike Frank (Institute of 
Biochemical Plantpathology BIOP, Helmholtz Zentrum München). 
2.7 Terminal restriction fragment length polymorphism (tRFLP) 
2.7.1 Amplification of bacterial 16S-rDNA fragments and fungal internal transcribed 
spacer region (ITS 1-2) 
For tRFLP analysis an amplification of the 16S-rDNA of the bacterial community was 
performed. When set up the PCR 20 ng of DNA template was mixed with the master 
mix of TopTaq DNA polymerase kit (Qiagen). The 6-FAM-labeled forward primer 27f 
(Edwards et al. 1989) was used with the reverse primer 907r (Lane et al. 1985), both 
binding to the 16S-rRNA coding gene of most bacteria (Table 12). The further 
amplification procedure was performed with a thermocycler (PeqLab) and performed 
as followed: initial denaturation at 94°C for 5 min, 30 cycles of denaturation (94°C, 
45 sec), annealing (59°C, 45 sec) and elongation (72°C, 45 sec) and final elongation 
with an extension at 72°C for 5 min.  
Table 12 FAM-labeled PCR-primer pair used for the amplification of 16S-rRNA. Binding 
positions of 16S primers refer to E.coli sequence (Brosius et al. 1978). 
primer 5´-3´-sequence Binding position  Ref. 
27f 
[6-FAM] - AGA GTT 
TGA TCM TGG CTC AG 
8-27 (Edwards et al. 1989) 
907r 
CCG TCA ATT CMT TTR 
AGT TT 
907-926 (Lane et al. 1985) 
 
 





To analyze fungal diversity patterns on pollen the non-coding rDNA internal spacer 
region (ITS) was amplified, consisting of highly variable sequence and taxonomic 
resolution (Lord et al. 2002; Anderson et al. 2003b). For amplification of fungal 
templates in mixed DNA communities the fluorescently labeled primer ITS1F (Gardes & 
Bruns 1993) in combination with the reverse primer ITS4 (White et al. 1990) was used 
(Table 13), as repeatedly recommended (Chen & Cairney 2002; Dickie et al. 2002; Lord 
et al. 2002; Anderson et al. 2003a; Anderson et al. 2003b). For amplification procedure 
the same conditions as described above were used, except the annealing temperature 
of 56 °C.  
Table 13 FAM-labeled PCR-primer pair used for the amplification of fungal ITS region. 
primer 5´-3´-sequence Binding position  Ref. 
ITS1F 
[6-FAM]-CTT GGT CAT 
TTA GAG GAA GTA A 
ITS1-SSU (Gardes & Bruns 1993) 
ITS4 
TCC TCC GCT TAT TGA 
TAT G 
ITS2-LSU (White et al. 1990) 
 
To verify the correct length of amplified 16S-/ITS-rDNA-fragments a horizontal 
1%-agarose gel-electrophoresis (120 V, 45 min) was performed (chapter 2.2.5). 
2.7.2 Enzymatic restriction digest 
For restriction digestion approximately 400 ng of bacterial amplicon-DNA were 
incubated at 37°C for 2h with 5U of MspI (HpaII) (Chen et al. 2013) with a 4-bp 
recognition site (C^CGG) in recommended Tango buffer (Thermo Sientific). Fungal 
amplicon-DNA (approximately 100 ng) was digested at 65 °C for 3h with 5U of TaiI 
(MaeII; HpyCH4IV; ACGT^) in recommended buffer R (Thermo Sientific) (Weikl et al. 
2016). After purifying the samples again with NucleoSpin Gel and PCR Clean up kit 
(Macherey & Nagel; chapter 2.3.3) 5 ng of the fragments were transferred to 13 µl of 





HiDiTM Formamid (Applied Biosystems). This induces the DNA molecules to remain 
single-stranded after denaturation of fragments (5 min, 95°C). Subsequently the DNA 
fragments were separated by electrophoresis based on capillary system on an 
automated DNA sequencer (ABI 3730, Applied Biosystems, Applera Deutschland 
GmbH, Darmstadt, Germany). 
The former inclusion of the internal standard MapMarker® ROX1000 (1:400; 
Bioventures) ensures the determination of fragment length together with the 
validation of data quality. This was done by using the online software package Peak 
ScannerTM Software v1.0 (Life technologies).  
2.7.3 tRFLP data-analysis   
The tRFLP-data were transferred to online software tool t-REX (http://trex.biohpc.org/) 
for improving data quality: Background noise was filtered (peak area, standard 
deǀiatioŶ ŵultiplieƌ ͞ϭ͟Ϳ, tRFs ǁeƌe aligŶed ;ĐlusteƌiŶg thƌeshold ͞ϭďp͟Ϳ aŶd true peaks 
were determined, characterized by a size bigger 50bp and more than 50 fluorescent 
units (Culman et al. 2008; Chowdhury et al. 2013). Data Matrix of bacterial pattern was 
exported and statistically analyzed in PAST ver. 2.17c (Hammer et al. 2001). In the 
following analytical processes of microbial pattern fragments (tRF) with the same 
length were assumed to be dissipated from the same group of microorganism 
throughout the whole sample set. 
2.7.4 Statistical analysis of tRFLP-data 
The pattern of colonizing bacteria and fungi on pollen of birch (n = 55) and timothy 
grass (n = 20) was compared to find significant differences in composition by creating 
Principal Coordinates Analysis (PCoA; Index: Bray-Curtis) as well as a Cluster analysis 
(Index: Bray-Curtis). Furthermore the R- and p-value of a one-way ANOSIM (Analysis of 
Similarity) were calculated (Clarke 1993). The ANOSIM R-value describes the similarity 





in community structure of groups (R = 0) or if the groups are separated and different 
(R = 1) from each other. An R-value up to 0.25 characterize the case of well-
overlapping and similar groups, an R-value up to 0.75 means the compared groups are 
overlapping but still slightly separated and an R-value ranged from 0.75 to 1 describes 
well-separated, different groups (Clarke & Gorley 2001). The creation of the ordination 
diagram, the cluster dendrogram and the ANOSIM calculation was done in PAST ver. 
2.17c (Hammer et al. 2001). Beside the absolute number of different fragments (tRFs) 
of a pollen sample of birch (n = 55; 2014) and timothy grass (n = 20; 2014) also two 
diversity indices were calculated in R (Rstudio Inc. version 0.98.953). To assign the 
bacterial and fungal α-diversity weighing high abundant fragments the inverse 
Simpson-Index (1-D), weighing less abundant fragments Shannon-Index H was 
calculated (Köhler et al. 2007). To compare bacterial and fungal diversity on pollen 
from the two species the significance level p was calculated by using Man U Whitney-
test for not-Gaussian distributed data. For Gaussian distributed data the F-test was 
used to calculate the homogeneity of data. Further t-test was performed for 
equal/unequal data to obtain the p-value.  
In order to correlate pollution and allergenicity parameters to diversity-indices of 
bacterial/fungal contamination of the pollen, a Spearman´s permutation p-value was 
calculated for not-Gaussian distributed samples. To test Gaussian distribution of data 
p-value of Shapiro-Wilk test was calculated (Köhler et al. 2007). For univariate statistics 
of mean/median comparison as well as for correlation analysis the statistical program 
PAST ver. 2.17c was used (Hammer et al. 2001). 
 





2.7.5 Exclusion of plastid DNA from tRFLP-data 
2.7.5.1 Determining the length of plastid terminal restricted fragment  
During the amplification of the bacterial 16S-rDNA for tRFLP-analysis also sequences of 
plastid DNA from plant cells were co-amplified. To analyze only the composition of 
bacterial community on the pollen, DNA-fragments of plant originated chloroplasts 
and mitochondria had to be identified and excluded. Therefore the length of plastid 
fragments was determined by doing tRFLP-procedure using the plastid-specific reverse 
primer CYA781r paired with a fluorescently labeled forward primer 27f for 
amplification (Table 14). Further steps of amplification and restriction processes were 
performed analogically to the 16S-tRFLP-analysis described in chapter 2.7.1 and 
chapter 2.7.2.  
Table 14 Primer combination specific for the determination of plastid DNA fragments. Binding 
positions of 16S primers refer to E.coli sequence (Brosius et al. 1978). 
primer  5´-3´-sequence Binding position Ref. 
27f 
[6-FAM] AGA GTT TGA TCM 
TGG CTC AG 
8-27 (Edwards et al. 1989) 
CYA781r 
GAC TAC TGG GGT ATC TAA 
TCC CAT T 
781-805 (Nubel et al. 1997) 
 
2.7.5.2 Sequencing of plastid fragment after cloning 
To identify the obtained fragments as mitochondrial or chloroplast-DNA, respectively, 
the extracted bacterial community DNA was amplified with the same primer 
combination used for tRFLP-analysis, 27f/907r (chapter 2.7.1). Subsequently a cloning 
process was followed by using the StrataClone cloning kit (Agilent technologies). After 
heat shock transformation of fragments in E.coli plasmid pSC-A-amp/Kan and 
incubation over night at 37°C picked colonies were amplified by colony-PCR. For that 






both recommended in the manual of StrataClone Cloning kit because of the binding 
regions in plasmid sequence. Amplified fragments were purified with the NucleoSpin 
plasmid clean up kit (Macherey & Nagel) and sequenced by SequiServe GmbH 
(Vaterstetten) according to the Sanger technology. 
Table 15 Strata Clone primer pair binding in E.coli plasmid pSC-A-Amp/Kan for cloning. The 
binding positions of the primer refer the sequence of the plasmid pSC-A-amp/Kan. 
primer 5´-3´-sequence Binding position  Ref. 
T3 f 
TTA ATT GGG AGT GAT 
TTC CCT 
80-100 StrataClone  cloning kit 
T7 r 
CAT TTT  GCT GCC GGT 
C 















3.1 Identification of cultivable pollen-associated microbes  
In the following chapter the results of identified bacterial and fungal pure cultures 
isolated from birch (Betula pendula, n = 5) and timothy grass pollen (Phleum pratense, 
n = 5) are described.  
3.1.1 Fungal strains isolated from timothy grass pollen 
Isolated fungi belonged to different classes, the most fungi could be cultivated from 
pollen samples collected on the sampling site Echinger See (ES), only one strain could 
be isolated from pollen samples collected in Scheyern2 (S2), Garching-Hochbrück (GH) 
and Eching (E). No fungi grew on plates inoculated with pollen samples from Scheyern1 
(S1). 
Identified fungal species belonged to Fusarium sporotrichoides and Aspergillus sp. 
(related to A. fumigatus, A. niger, A. tubingensis). Moreover two strains of Rhodotorula 
glutinis and Rhizopus microsporus could be cultivated, also one strain related to 
Aureobasisium pullulans (Table 16). 
Table 16 Isolated fungal species obtained from timothy grass pollen (Phleum pratense) 2013 
sampled in the surrounding are of Munich, Germany. Listed is the taxonomic position, the 
declaration of the isolate, the nearest relative (accession number) and also the relative 
similarity. Sample sites (=Loc): S2 = Scheyern 2, GH = Garching-Hochbrück,E = Eching, ES = 
Echinger See. 
Loc Taxonomic position Isolate Nearest relative (BLAST) % similarity 
S2 Sordariomycetes PP13-58 
Fusarium sporotrichioides ITS1-
2 complete (AY188917) 
100 
GH Eurotiomycetes PP13-56 
Aspergillus niger WHAK1 
(JQ929761) 
99 
E  Microbotryomycetes PP13-60 








 Tab. 16    
Loc Taxonomic position Isolate Nearest relative (BLAST) % similarity 
ES 
Mucoromycotina PP13-51 
















In the attachment images of the fungal colonies isolated from timothy grass pollen are 
demonstrated (Figure 21, p. 135). 
3.1.2 Fungal strains isolated from birch pollen 
Most of the fungal strains isolated from birch pollen samples were affiliated to the 
classes Eurotiomycetes and Dothideomycetes, only one strain belonging to 
Ascomycetes and one strain to Tremellomycetes were cultivated. 
Fungi were isolated from every inoculated birch pollen sample. Strains which were 
mostly cultivated belong to the genera Penicillium (related to P. pancosmium, P. 
australiense, P. vancouverense) and Aurobasidium (A. pullulans). Further strains 
belonged to Aspergillus fumigatus, Cladosporium australiense, Kwoniella betulae, 
Alternaia alternata, Dothideales sp., Cryptosphaeria eunomia and Davidiella 










Table 17 Isolated fungi from birch pollen (Betula pendula) sampled in 2014 sampled in the 
surrounding area of Munich. Listed is the taxonomic position, the declaration of the isolates, 
the nearest relative (accession number) and also the relative similarity. Sample sites (= Loc) = 
#16,#34, #52, #55, #61.   

















Cladosporium australiense DTO 255-
F3 (KP701978) 99 
Eurotiomycetes 
BP14-35 
Penicillium vancouverense CBS 

















Cladosporium australiense DTO 255-
F3 (KP701978) 100 
#52 
 
BP14-39 Fungal endophyte sp. CZ9 (FJ176471) 98 
Dothideomycetes 
BP14-40 
Aureobasidium pullulans NRRL 58012 
(JX462673) 100 
Dothideomycetes BP14-41 Alternaria alternata BS14 (KP985749) 100 
Dothideomycetes 
BP14-40 





Penicilium sp. 0109CI39M4 
(FN598944) 100 
Dothideomycetes BP14-42 Dothideales sp. P44C001 (JX188157) 97 
Dothideomycetes BP14-40 
Aureobasidium pullulans NRRL 58012 
(JX462673) 100 









 Tab. 17    




Cryptosphaeria eunomia var. fraxini 
CBS223.87 (KT425231) 96 
Dothideomycetes BP14-44 
Davidiella macrospora P134_D2_23 
(JF311953) 100 
 
In the attachment images of the fungal colonies isolated from birch pollen are shown 
(Figure 22, p. 136). 
3.1.3 Bacterial strains isolated from timothy grass pollen 
Cultivated bacterial strains that could be isolated from timothy grass pollen samples 
and identified according to their 16S-rDNA sequences mostly belong to Gram-positive 
bacteria with low DNA G+C content (Firmicutes) and Gram-negative ɶ-Proteobateria 
(Table 18). Phylogenetic tree (Figure 25-29, pp. 139) and calculated distance matrices 
(Figure 33-35, pp. 147) are attached..  
The class Firmicutes was represented mainly by Bacillus strains (related to B. pumilus, 
B. subtilis, B. amyloliquefaciens, B. savensis, B. thuringiensis, B. clausii), which were 
found on all samples of the five locations studied. Exiguobacterium strains (related to 
E. undae, E. sibiricum), also belonging to the class of Bacilli in the phylum Firmicutes, 
was isolated from samples of three locations (Scheyern S2, Garching-Hochbrück GH, 
Echinger See ES). Strains which could be isolated only once and belong also to 
Firmicutes were related to Carnobacterium maltaromanicum (Scheyern S2) and 
Enterococcus rottae (Scheyern S2). 
The class of ɶ-Proteobacteria was mainly represented by Pseudomonas sp. (related to 
P. fluorescens, P. putida, P. orientalis). Other isolates from this class belonged to 






The class of Actinobacteria is represented only by two isolates, namely by 
Brachybacterium alimentarium and Streptomyces rutgersensis. 
Table 18 Bacterial isolates obtained from timothy grass pollen (Phleum pratense) 2013 
sampled in the surrounding area of Munich, Germany. Listed is the taxonomic position, the 
declaration of the isolate, the nearest relative (accession number) and also the relative 
similarity. Sample sites (=Loc): S2 = Scheyern 2, GH = Garching-Hochbrück,E = Eching, ES = 




Isolate Nearest relative (BLAST) % similarity 
S2 
ɶ–Proteobacteria (-) PP13-27 Erwinia persicina LMG2691 
(AJ001190) 
98 
ɶ-Proteobacteria (-) PP13-21=22 Pseudomonas poae DSM 14936T 
(AJ692829) 
99 
ɶ-Proteobacteria (-) PP13-26 Pseudomonas trivialis DSM 14937T 
(AJ692831) 
99 
Actinobacteria (-) PP13-34 
Brachybacterium alimentarium  
CNRZ 925 (X91031) 
99 




Firmicutes (+) PP13-30 
Bacillus pumilus  MTCCB6033 
(CP007436) 
96 
Firmicutes (+) PP13-19 Bacillus amyloliquefaciens   DSM 7 
(FN597644) 
 99 
Firmicutes (+) PP13-29 
Exiguobacterium undae  GLPB13 
(FN870072) 
96 
Firmicutes (+) PP13-24 Exiguobacterium sibiricum  255-15 
(NR_075006) 
99 
Firmicutes (+) PP13-31/32 
Carnobacterium maltaromaticum  
LMA28 (HE999757.2) 
99 
Firmicutes (+) PP13-33 




ɶ–Proteobacteria (-) PP13-40 Pseudomonas fluorescens SBW25 
(AM181176.4) 
99 
Firmicutes (+) PP13-35 Bacillus subtilis 16S gene (FJ686816) 99 
Firmicutes (+) PP13-36 
Exiguobacterium undae 16S gene 
(F870072) 
99 
Firmicutes (+) PP13-37 















Isolate Nearest relative (BLAST) % similarity 
GH 
Firmicutes (+) PP13-38 Bacillus pumilus S9 (AY548955) 99 
Firmicutes (+) PP13-39 Bacillus safensis PG1 (KF804070) 99 
E 
ɶ -Proteobacteria (-) PP13-42 Pseudomonas fluorescens SBW25 
(AM181176.4) 
99 
 ɶ -Proteobacteria (-) PP13-43 Pseudomonas orientalis CFML96-
170 (NR_024909) 
99 
ɶ -Proteobacteria (-) PP13-44 Stenotrophomonas rhizophila Asd 
M1-7 (FM955853) 
99 
ɶ -Proteobacteria (-) PP13-46 Pseudomonas putida PC36 
(DQ178233) 
99 
Firmicutes (+) PP13-57 
Bacillus subtilis VCRC B546 
(AB598736) 
97 
Firmicutes (+) PP13-47=48 
Bacillus amyloliquefaciens subsp. 
DSM 7 (FN597644) 
99 
ES 
ɶ -Proteobacteria (-) PP13-03 Stenotrophomonas  rhizophila S8 
(HG421016) 
97 
ɶ -Proteobacteria (-) PP13-04 Pseudomonas orientalis 16S gene 
(AF064457) 
99 
ɶ -Proteobacteria (-) PP13-07 Pantoea agglomerans KB38 
(JF327464) 
99 
ɶ -Proteobacteria (-) PP13-08 Pseudomonas fluorescens LMG 5329 
(JQ974027) 
99 
Firmicutes (+) PP13-02 
Bacillus stratosphericus 41KF2a 
(NR_118441) 
100 
Firmicutes (+) PP13-05 




Actinobacteria (-) PP13-10 
Streptomyces rutgersensis DSM 40077 
(NR_119349) 
99 
ɶ-Proteobacteria (-) PP13-17 Pseudomonas sp. HC2-31 (JF312670) 93 
Firmicutes (+) PP13-09 
Bacillus amyloliquefaciens DSM 7 
(FN597644) 
99 
Firmicutes (+) PP13-11 Bacillus pumilus CTSP16 (EU855197) 98 








3.1.4 Bacterial strains isolated from birch pollen 
The dominating group among isolated bacteria from birch pollen samples identified 
according to their 16S-rDNA sequence similarities was also the class Firmicutes, similar 
to the isolates from timothy grass pollen. Further a few ɶ-Proteobacteria and 
Actinobacteria were cultivable, as well as one strain related to α-Proteobacteria 
(Table 19). 
Most of the Firmicutes related isolates were affiliated to the genus Bacillus (related to 
B. thuringiensis, B. thuringiensis serovar israelensis, B. subtilis, B. pumilus, 
B. licheniformis, B. oleronius, B. simplex) and to Laceyella sacchari.  
Each of the four isolated strains clustered within the phylum ɶ-Proteobacteria and was 
affiliated to the genera Serratia (S. liquefaciens), Erwinia (E. billiningiae), Pseudomonas 
(P. graminis) and Pantoea (P. agglomaerans). 
Nearest relatives of isolated Actinobacteria were Micrococcus luteus, Streptomyces 
mutabilis and Curtobacterium flaccumfaciens. 
The isolated strain of Paracraurococcus sp. belonging to the family of Acetobacteriaceae is 
the only one belonging to α-Proteobacteria.  
Table 19 Bacterial isolates obtained from birch pollen (Betula pendula) 2014 sampled in the 
surrounding area of Augsburg, Germany. Listed is the taxonomic position, the declaration of 
the isolates, the nearest relative (accession number) and also the relative similarity. Sample 




Isolate Nearest relative (BLAST) % similarity 
#16 
ɶ-Proteoabcteria (-) BP14-01 Serratia liquefaciens ATCC 27592 
(NR_122057) 
100 



















Isolate Nearest relative (BLAST) % similarity 
#16 
Firmicutes (+) BP14-03 
Bacillus thuringiensis serovar israelensis 
AM65-52 (CP013275) 
99 
Firmicutes (+) BP14-013 Bacillus subtilis BY-3 (KC961634) 99 
Firmicutes (+) BP14-17 Bacillus pumilus 38 (KF923448) 99 
Firmicutes (+) BP14-18 




α-Proteobacteria (-) BP14-20 Paracraurococcus sp. 1N-11 16S 
(EU379242) 
99 
 Firmicutes (+) BP14-05 Bacillus licheniformis W61 (KC441866) 99 
 Firmicutes (+) BP14-19 Bacillus oleronius W22 (KC441834) 99 
#52 
ɶ-Proteoabcteria (-) BP14-07 Pantoea agglomerans 16S (EU598802) 99 
 Actinobacteria (-) BP14-09 Miccrococcus luteus JGTA-S5 (KT805418) 99 
 Actinobacteria (-) BP14-24 
Streptomyces mutabilis C.B.239 
(KF991631) 
99 
 Actinobacteria (-) BP14-25 
Curtobacterium flaccumfaciens SAP758.3 
(JX067681) 
99 
 Firmicutes (+) BP14-13 Bacillus subtilis BY-3 (KC961634) 99 
 Firmicutes (+) BP14-21 Bacillus thuringiensis HS18-1 (CP012099) 99 
 Firmicutes (+) BP14-22 Bacillus simplex N25 (GU086427) 99 
 Firmicutes (+) BP14-23 




 Firmicutes (+) BP14-03 
Bacillus thuringiensis serovar israelensis 
strain AM65-52 (CP013275) 
99 
 Firmicutes (+) BP14-30 Bacillus pumilus HBP8 (DQ275671.1) 100 
 Firmicutes (+) BP14-03 
Bacillus thuringiensis serovar israelensis 
strain AM65-52 (CP013275) 
99 
 Firmicutes (+) BP14-13 Bacillus subtilis BY-3 (KC961634) 100 
 Firmicutes (+) BP14-15 Bacillus pumilus HBP8 (DQ275671.1) 99 
 Firmicutes (+) BP14-27 Bacillus pumilus BFB30 (KF512664) 99 
 Firmicutes (+) BP14-28 Bacillus simplex TP-snow-C5 (HQ327114) 99 












Isolate Nearest relative (BLAST) % similarity 
#55 
 Firmicutes (+) BP14-11 Bacillus subtilis H-3 (KT273284) 99 
 Firmicutes (+) BP14-13 Bacillus subtilis BY-3 (KC961634) 100 
 Firmicutes (+) BP14-15 Bacillus pumilus HBP8 (DQ275671) 99 
 Firmicutes (+) BP14- 21 Bacillus thuringiensis HS18-1 (CP012099) 99 
 
The morphology of the bacterial colonies isolated from birch pollen is demonstrated in 
the attachment section (Figure 20, p. 134). Phylogenetic trees (Figure 30-32, pp. 144) 
and distance matrices (Figure 36-38, pp. 149) are attached. 
3.2 Diversity analysis of microbial community 
In the following chapter the results of bacterial and fungal community analyses 
obtained from birch (Betula pendula) and timothy grass pollen (Phleum pratense) 
collected in three consecutive years, analyzed by tRFLP-pattern, α-diversity and 
community composition are described.  
3.2.1 Fungal tRFLP-pattern analysis 
The comparison of the fungal composition on birch- and timothy grass-pollen collected 
in 2013, 2014 and 2015 repeatedly resulted in significant differences. By performing a 
PCoA and Cluster analysis (Figure 4) it was shown that for all three years 2013 
(Figure 4A/B), 2014 (Figure 4C/D) and 2015 (Figure 4E/F) the 95 %-confidence interval 
of PCoA slightly overlaps and the branches of the cluster analysis formed clustered 
groups. According to an ANOSIM calculation the differences of pollen from birch and 






p2014 = 0.0001) and 2015 (R2015 = 0.35, p2015 = 0.0004) are significantly divers regarding 
the fungal composition. 
 
Figure 4 Comparison of fungal pattern on pollen from birch and timothy grass.                                 
A, B) Pollen collected in 2013: PCoA (Bray-Curtis) performed to compare fungal pattern on 
birch- (Betula pendula; n = 27; magenta) and timothy grass-pollen (Phleum pratense; n = 13; 






could be confirmed by ANOSIM (R = 0.34, p = 0.0001). In the cluster dendrogram (Bray-Curtis) 
pollen from both species are forming separated groups which are not so distinct separated, but 
significant.                                                                                                                                                             
C, D) Pollen collected in 2014: PCoA (Bray-Curtis) performed to compare fungal pattern on 
birch- (Betula pendula; n = 31; magenta) and timothy grass-pollen (Phleum pratense; n = 15; 
green). Hardly overlapping 95%-confidence intervals show a distinct difference, the significance 
could be confirmed by ANOSIM (R = 0.51, p = 0.0001). The cluster dendrogram (Bray-Curtis) 
also demonstrates that the separation of the two pollen species due to bacterial pattern 
(Obersteiner et al. 2016).                   
E, F) Pollen collected in 2015: PCoA (Bray-Curtis) performed to compare fungal pattern on 
birch- (Betula pendula; n = 43; magenta) and timothy grass-pollen (Phleum pratense; n = 11; 
green). Completely separated 95%-confidence intervals show distinct differences, the 
significance could be confirmed by ANOSIM (R = 0.35, p = 0.0004). In the cluster dendrogram 
(Bray-Curtis) pollen from both plant species are forming separated groups also attesting the 
significant difference. 
3.2.2 Fungal α-diversity based on tRFLP patterns 
In season 2013 and 2014 the fungal diversity differed significantly comparing birch and 
timothy grass pollen, whereas the diversity on timothy grass pollen was higher for both 
years (2013: Pshan < 0.001, psimp < 0.001, Figure 5A/B; 2014: pshan =0.005, psimp = 0.006, 
Figure 5C/D). In the year 2015 the fungal diversity on birch- and timothy grass-pollen 









Figure 5 Comparison of fungal diversity on pollen from birch and timothy grass.                           
A, B) Pollen collected in 2013: Boxplot of Shannon diversity Index H and invers Simpson 
diversity Index of fungal community on birch- (Betula pendula; n = 27; Bet pen) and timothy 






differs significantly due to Shannon diversity (U-test, p < 0.001) and invSimpson diversity 1-D 
(U-Test, p < 0.001) of fungal composition.                                                                                                                                 
C, D) Pollen collected in 2014: Boxplot of Shannon diversity Index H and invers Simpson 
diversity Index of fungal community on birch- (Betula pendula; n = 30; Bet pen) and timothy 
grass-pollen (Phleum pratense, n = 16; Phl pra) collected in 2014. In comparison the two groups 
differs significantly due to Shannon diversity (U-test, p = 0.005) and invSimpson diversity 1-D 
(U-Test, p = 0.006) of fungal composition (Obersteiner et al. 2016).                                                                                     
E, F) Pollen collected in 2015: Boxplot of Shannon diversity Index H and invers Simpson 
diversity Index of fungal community on birch- (Betula pendula; n = 43; Bet pen) and timothy 
grass-pollen (Phleum pratense, n = 11; Phl pra) collected in 2015. In comparison the two groups 
differs not significantly due to Shannon diversity (U-test, p = 0.771) nor due to invSimpson 
diversity 1-D (U-Test, p = 0.673) of fungal composition.  
 
3.2.3 Bacterial tRFLP-pattern analysis 
The bacterial pattern on pollen from timothy grass differed significantly to the 
bacterial pattern on pollen from birch tree. Comparing the calculated ANOSIM-values 
of microbial patterns of birch and timothy grass pollen significant differences in all 
three pollen-collection seasons 2013 (R = 0.99; p = 0.001), 2014 (R = 0.81, p = 0.0001) 
and 2015 (R = 0.66, p = 0.0001) appear. The 95%-confidence intervals of performed 
PCoA are not or hardly overlapping (Figure 6A/C/E). In the cluster dendrogram the 
separation of pollen-associated bacterial pattern between the two plant species is 







Figure 6 Comparison of bacterial pattern on pollen from birch and timothy grass.                    
A, B) Pollen collected in 2013: PCoA (Bray-Curtis) performed to compare bacterial pattern on 
birch- (Betula pendula; n = 40; magenta) and timothy grass-pollen (Phleum pratense; n = 13; 
green). Completely separated 95%-confidence intervals show distinct differences, the 
significance could be confirmed by ANOSIM (R = 0.99, p = 0.001). In the cluster dendrogram 






also attesting the significant difference.                                                                                                                                    
C, D) Pollen collected in 2014: PCoA (Bray-Curtis) performed to compare bacterial pattern on 
birch- (Betula pendula; n = 55; magenta) and timothy grass-pollen (Phleum pratense; n = 20; 
green). Hardly overlapping 95%-confidence intervals show a distinct difference, the significance 
could be confirmed by ANOSIM (R = 0.81, p = 0.0001). The cluster dendrogram (Bray-Curtis) 
also demonstrates that the separation of the two pollen species collected in 2014 due to 
bacterial pattern (Obersteiner et al. 2016).                                                                                                                     
E, F) Pollen collected in 2015: PCoA (Bray-Curtis) performed to compare bacterial pattern on 
birch- (Betula pendula; n = 57; magenta) and timothy grass-pollen (Phleum pratense; n = 11; 
green). Completely separated 95%-confidence intervals show distinct differences, the 
significance could be confirmed by ANOSIM (R = 0.66, p = 0.0001). In the cluster dendrogram 
(Bray-Curtis) pollen from both plant species collected in 2015 are forming separated groups 
also attesting the significant difference. 
3.2.4 Bacterial α-diversity based on tRFLP-patterns 
Timothy grass and birch pollen collected in 2013, 2014 and 2015 differ significantly 
according to the diversity of bacterial colonization (Figure 7). When indexing the 
bacterial diversity for all three seasons, birch pollen showed a significant higher 
diversity due to rare species (Shannon; p2013 = 0.006, Figure 7A; p2014 = 0.009, Figure 
7C; p2015 < 0.001, Figure 7E). Also for dominant species (Simpson inv. index) on birch 
pollen a significant higher diversity occurred in year 2013 (p < 0.001, Figure 7B) and 
2015 (p = 0.013, Figure 7F), but not so in 2014 (p = 0.78, Figure 7D). The bacterial 
diversity on pollen from birch as well as from timothy grass in 2015 generally seemed 









Figure 7 Comparison of bacterial diversity on pollen from birch and timothy grass.                                                     
A, B) Pollen collected in 2013: Boxplots of Shannon diversity Index H and invers Simpson 
diversity Index (1-D) of bacterial community on birch (Betula pendula, n = 40; Bet pen) and 
timothy grass pollen (Phleum pratense, n = 13; Phl pra). In comparison the two groups differs 
significantly due to Shannon diversity (U-test, p = 0.006), and also significantly due to 
invSimpson diversity 1-D of bacterial composition (U-test, p < 0.001).                                                                                 






diversity Index (1-D) of bacterial community on birch (Betula pendula, n = 55; Bet pen) and 
timothy grass-pollen (Phleum pratense, n = 20; Phl pra). In comparison the two groups differs 
significantly due to Shannon diversity (U-test, p = 0.009), but not significantly due to 
invSimpson diversity 1-D of bacterial composition (U-test, p = 0.78) (Obersteiner et al. 2016).      
E, F) Pollen collected in 2015: Boxplots of Shannon diversity Index H and invers Simpson 
diversity Index (1-D) of bacterial community on birch- (Betula pendula, n = 57; Bet pen) and 
timothy grass-pollen (Phleum pratense, n = 11; Phl pra). In comparison the two groups differs 
significantly due to Shannon diversity (U-test, p < 0.001), and also significantly due to 
invSimpson diversity 1-D of bacterial composition (U-test, p = 0.013).  
3.2.5 Bacterial community identification by 16S-rDNA amplicon sequencing 
3.2.5.1 Bacterial composition on timothy grass pollen 
On class-level the bacterial community composition associated to pollen from timothy 
grass did not show a consistent level in bacterial abundances over the eight analyzed 
saŵples, although ɶ-Proteobacteria were dominant in most cases (Figure 8a).  
 
Figure 8a Timothy grass pollen associated bacterial community on class level. Composition of 
bacterial community on class-level isolated from timothy grass pollen (Phleum pratense, n = 8) 







When examining the mean-values of bacterial abundances a distinct dominant class 
arises. The bacterial composition on timothy grass pollen contained predominantly 
species of ɶ-Proteobacteria (mean 68% ± 35). Several classes appear with an 
abundance lower 10%, like Actinobacteria (mean 9% ±9), α-Proteobacteria (mean 
7%±7), Bacilli (mean 4% ±4), β-Proteobacteria (mean 4%±4) and Sphingobacteriia 
(mean 4%±4).The classes occurring less often than 3% are cumulatively named others 
(mean 4%±4) (Figure 8b).  
 
 
Figure 8b Timothy grass pollen associated bacterial community on class level. Composition of 
bacterial community on class-level isolated from timothy grass pollen (Phleum pratense, n = 8) 
and determined by 16S-rDNA amplicon sequencing. Given are the mean values of the relative 
abundances and the standard deviation. 
On genus-level the amplicon sequencing of bacterial community colonizing timothy 
grass pollen resulted in a similar inconsistent abundance distribution due to different 
samples.The genera Dickeya, Erwinia ;ďoth ɶ-Proteobacteria) and Pseudomonas 
(Bacilli) belong to already detected dominant classes. Hymenobacter is a genus 








Figure 9a Timothy grass pollen associated bacterial community on genus level. Composition 
of bacterial community on genus-level isolated from timothy grass pollen (Phleum pratense, 
n = 8) and determined by 16S-rDNA amplicon sequencing. Given are the relative abundances. 
Examining the mean-value of bacterial genus-abundances the community was 
dominated by Erwinia sp. (mean 36%±21) and Dickeya sp. (mean 22%±15), both 
belonging to the class of ɶ-Proteobacteria.  The genera of Pseudomonas sp. (mean 
3%±3; class: Bacilli), and Hymenobacter sp. (mean 3.5%±3; class: Bacterioidetes) occur 
with more than 3% abundance, whereas a high relation up to 29% ±26 of the bacterial 







              
Figure 9bTimothy grass pollen associated bacterial community on genus level. Composition of 
bacterial community on genus-level isolated from timothy grass pollen (Phleum pratense, 
n = 8) and determined by 16S-rDNA amplicon sequencing. Given are the mean-values of the 
relative abundance and the standard deviation. 
 
3.2.5.2 Bacterial composition on birch pollen 
On class-level the bacterial community composition associated to pollen from birch 
showed a higher consistency level in bacterial abundances over the 10 analyzed 
samples, than the bacterial community on timothy grass pollen. Predominantly the 







Figure 10a Birch pollen associated bacterial community on class level. Composition of 
bacterial community on class-level isolated from birch pollen (Betula pendula, n = 10) and 
determined by 16S-rDNA amplicon sequencing. Given are the relative abundances. 
 
Examining the mean-values of bacterial class abundances community on birch pollen 
was dominated by α-Proteobacteria (mean 43%±6) and Gram-positive Bacilli (mean 
27%±4). The classes of Nostocophycideae (mean 7%±2), β-Proetobacteria (mean 4%±2) 
and ɶ-Proteobacteria (mean 3%±0.6) occur with more than 3% abundance, whereas 
5% (±0.5) of the bacterial classes in the community appeared with an abundance < 3% 








Figure 10b Birch pollen associated bacterial community on class-level. Composition of 
bacterial community on class-level isolated from birch pollen (Betula pendula, n = 10) and 
determined by 16S-rDNA amplicon sequencing. Given are the mean values of the relative 
abundance and the standard deviation. 
 
On genus-level amplicon sequencing of bacterial community colonizing birch pollen 
resulted in a similar consistency due to abundance distribution in different samples 
(Figure 11a).The genera Devosia (ɶ-Proteobacteria) and Alkalibacillus (Bacilli) belong to 
already detected dominant classes. Thermodesulfovibrio is a genus belonging to the 








Figure 11a Birch pollen associated bacterial community on class-level. Composition of 
bacterial community on class-level isolated from birch pollen (Betula pendula, n = 10) and 
determined by 16S-rDNA amplicon sequencing. Given are the mean values of the relative 
abundance and the standard deviation. 
 
Examining the mean-values of bacterial genus-abundances the community 
composition associated to pollen from birch contains predominantly species of Devosia 
(mean 51%±4; class: α-Proteobacteria), followed by the genus Alkalibacillus sp. (mean 
31%±3; Đlass: α-Proteobacteria). Other genera appear with abundance lower 3%, like 
Thermodesulfovibrio sp. (mean 3%±0.7; phylum: Nitrospira) and Burkholderia sp. 
(mean 3.5%±0.6; class: β-Proteobacteria). The genera occurring less often than 3% are 








Figure 11b Birch pollen associated bacterial community on genus-level. Composition of 
bacterial community on genus-level isolated from birch pollen (Betula pendula, n = 18) and 
determined by 16S-rDNA amplicon sequencing. Given are the mean values of relative 
abundance and the standard deviation. 
Hence, the significant differences in bacterial community composition associated to 
pollen from timothy grass and birch as determined by the tRFLP-pattern-analysis 
(chapter 3.2.3), are confirmed by the 16S-rDNA amplicon sequencing analysis.  
3.3 Fluorescence in situ Hybridization (FISH) 
In the following chapter stained class-specific bacterial colonization of birch (Betula 
pendula) and timothy grass pollen (Phleum pratense) is demonstrated visually via 
microscope imaging. 
3.3.1 γ-Proteobacteria on timothy grass pollen 
The colonization of timothy grass pollen was also stained with probes including blue 
and red staining dyes and firstly viewed through an epifluorescence microscope. 
Bacteria treated with the EUB-338-I, II, III Cy5 probe could be seen in the blue channel 
(Figure 12B) and ɶ-Proteobacteria treated with ALF-1b Cy3 probe were visualized in the 






that the two taxonomic levels can be distinguished. In Figure 12D the autofluorescence 
of timothy grass pollen are visible since no dye staining was used (chapter 2.5.2).  
 
Figure 12 Bacteria colonizing timothy grass pollen. Shown is the view through an 
epifluorescence microscope. Probes: universal Bacteria EUB-338-I, II, III Cy5 (blue); GAM-42a 
Cy3 (red) specific for γ-Proteobacteria.                                                                                                                                        
A) Overlay of the channels red, blue and green.                                                                                            
B) Timothy grass pollen grains colonized by blue stained Bacteria in the blue channel.                          
C) Timothy grass pollen grains colonized by magenta stained γ-Proteobacteria in the red 
channel.                                                                                                                                                                   
D) Autofluorescence of timothy grass pollen grains in the green channel. 
 
In the CLSM-images of FISH-stained bacteria on timothy grass pollen the surface 
attachment of the bacteria could be demonstrated well illustrated. The blue group of 
Bacteria is shown in Figure 13A, together with magenta colored ɶ-Proteobacteria. In 
Figure 13B-D only single channel images show the bacteria localization treated with 
the appropriate staining dye. In Figure 13D the autofluorescence of pollen grains are 







Figure 13 Confocal laser-scanning microscopy (CLSM) of FISH-stained γ-Proteobacteria (probe: 
GAM-42a Cy3) and universal Bacteria (EUB-338-I, II, III Cy5).                                                                      
A) Overlay of the channels red, blue and green.                                                                                              
B) Timothy grass pollen grains colonized by blue stained Bacteria in the blue channel.                            
C) Timothy grass pollen grains colonized by magenta stained γ-Proteobacteria in the red 
channel.                                                             
D) Autofluorescence of timothy grass pollen grains in the green channel. A = aperture. 
3.3.2 α-Proteobacteria on birch pollen 
In Figure 14 the colonization of birch pollen grains is illustrated through an 
epifluorescence microscope, wherein Fluorescent probes containing two different 
staining dyes (Cy3 in red, Cy5 in blue) were used in parallel. Figure 14B with the 
adjusted blue channel illustrate all Eubacteria are identified with universal EUB-338-I, 






bound the ALF-1b Cy3 probe were visible in the red channel. In Figure 14A the overlap 
of the blue, red and green channel is shown by visible blue Eubacteria, magenta α-
Proteobacteria and white/green birch pollen. In Figure 14D the pollen 
autofluorescence is shown, because no fluorescence labeling was performed 
(chapter 2.5.2). 
 
Figure 14 Bacteria colonizing birch pollen. Shown is the view through a epifluorescence 
microscope. Probes: universal Bacteria EUB-338-I, II, III Cy5 (blue); ALF-1b Cy3 (red) specifically 
for α-Proteobacteria.                                                                                                                                                   
A) Overlay of the channels red, blue and green.                                                                                             
B) Birch pollen grains colonized by blue stained Bacteria in the blue channel.                                         
C) Birch pollen grains colonized by magenta stained α-Proteobacteria in the red channel.                             
D) Autofluorescence of birch pollen grains in the green channel. 
 
The orthogonal view of a stack-image taken via confocal Laser-scanning microscope 
(CLSM) enables one to see in detail, where the colonization takes place – on the 
surface of the pollen or even in the inside. In case of birch pollen it can distinctly be 






were illustrated. Moreover the three apertures of birch pollen and also the granules of 
the starch core is visible (Figure 15). 
 
Figure 15 Confocal laser-scanning microscopy of FISH-stained α-Proteobacteria (probe: ALF-1b 
Cy3) and universal Bacteria (EUB-338-I, II, III Cy5). Bacteria visible in blue are especially pointed.                                 
A) Overlay of the channels red, blue and green.                                                                                              
B) Birch pollen grains colonized by blue stained Bacteria in the blue channel.                                            
C) Birch pollen grains colonized by magenta stained α-Proteobacteria in the red channel.                            







3.4 Air pollution and pollen-associated microbial composition 
In the following chapter the influence of urbanization on microbial composition of 
pollen samples from birch (Betula pendula) and timothy grass (Phleum pratense) is 
demonstrated by the comparison of urban/rural tRFLP-pattern and correlation-
analyses of pollution values to α-diversity of birch pollen-associated microbe 
3.4.1 Comparison of microbial patterns on pollen from rural and urban locations 
The microbial colonization on birch pollen differed partly significantly, when sorting 
the pollen samples according to urban and rural sample sites. The calculation of an 
ANOSIM indeed resulted in no significant differences in fungal (R = 0.04, p = 0.62; 
Figure 16C), but significantly in bacterial composition (R = 0.23, p = 0.003; Figure 16A), 
considering rural or urban sample sites. In case of timothy grass pollen no significant 
differences in bacterial (R = 0.02; p = 0.36; Figure 16B) or fungal colonization patterns 









Figure 16 Comparison of microbial pattern colonizing urban and rural pollen via PCoA 
(Obersteiner et al. 2016).                                                                                                                                           
A) Bacterial composition on urban and rural birch pollen (Betula pendula, nurban = 20, nrural = 
35). R = 0.23, p = 0.003.                                
B) Bacterial composition on urban and rural timothy grass pollen (Phleum pratense, nurban = 13, 
nrural = 4). R = 0.02; p = 0.36.                                                        
C) Fungal composition on urban and rural birch pollen (Betula pendula, nurban = 9, nrural = 22).     
R = 0.04, p = 0.62.                                                                                                                                           
D) Fungal composition on urban and rural timothy grass pollen (Phleum pratense, nurban = 14, 
nrural = 4). Rgrass = 0.09, pgrass = 0.69. 
3.4.2 Pollution parameters correlated to bacterial diversity on birch pollen  
Diversity indices based on bacterial tRFLP patterns on birch pollen collected in 2014 
partly correlate significantly with pollution parameters of the respective pollen 
sampling sides. The number of different fragments n(TRFs) significantly decreases with 






the air, but there was no correlation  with ozone O3 (rs = 0.21, p = 0.13; Figure 17A) or 
ammonia NH3 (rs =0.14, p = 0.34; Figure 17C). Simpson diversity Index 1-D weighing the 
high abundant fragments correlates significantly positive with O3 (rs = 0.39, p = 0.0039; 
Figure 17D) and significantly negative with NO2 (rs = -0.54, p < 0.0001; Figure 17E), but 
not with NH3 (rs = 0.01, p = 0.94; Figure 17F). Shannon diversity Index H weighing the 
less abundant fragments occurs in no significant adaption to one of the measured 
pollution parameters (rs(O3) = 0.19, p(O3) = 0.16, Figure 17G; rs(NO2) = 0.14, 
p(NO2) = 0.31, Figure 17H; rs(NH3) = 0.01, p(NH3) = 0.89, Figure 17I).  
 
Figure 17 Correlation of bacterial diversity on birch pollen to pollution parameter 
(Obersteiner et al. 2016). Scatterplot including linear trend line and spearman correlation 
values rs and significance level p of diversity indices (Shannon/Simpson) and parameter 
(number of fragments n(tRFs)) of bacterial pattern on birch pollen (Betula pendula 2014, 
n = 55) with pollution measurement                                  
A-C) Correlation of n(tRFs) and pollution parameters ozone O3 (rs = 0.21, p = 0.13), nitrogen 
dioxide NO2 (rs = -0.31, p = 0.027) and ammonia NH3 (rs = 0.14, p = 0.34).                                            






p = 0.004), NO2 (rs = -0.54, p < 0.0001) and NH3 (rs = 0.01, p = 0.94).                                                                           
G-I) Correlation of Shannon diversity Index H and pollution parameters O3 (rs = 0.19, p = 0.17), 
NO2 (rs = -0.14, p = 0.305) and NH3 (rs = 0.01, p = 0.89). 
3.4.3 Pollution parameters correlated to fungal diversity on birch pollen 
In contrast to the bacterial composition the fungal diversity on birch pollen grains were 
not significantly correlated to any pollution-related parameter (NO2, O3, NH3; 
Table 20).   
Table 20 Correlation of fungal diversity on birch pollen to pollution parameter. Spearman 
correlation of fungal diversity-indices (Simpson, Shannon) and the absolute number of different 
fragments (n(tRFs)) analyzed from birch pollen (Betula pendula, n = 2014) to air pollution 
concentration (NO2, O3, NH3; n = 31) and the calculated Urbanization Index (UI, n = 18). 









Simpson 1-D p = 0.53 p = 0.86 p = 0.95 p = 0.29 
Shannon H p = 0.54 p = 0.65 p = 0.95 p = 0.33 
N(tRFs) p = 0.79 p = 0.39 p = 0.98 p = 0.77 
 
3.4.4 Urbanization Index correlated to bacterial and fungal diversity on timothy 
grass pollen 
Correlation analysis of the Urbanization Index UI to bacterial diversity indices partly led 
to significant results (psimp = 0.04, pshan = 0.14, ptRFs = 0.44), whereas the fungal diversity 







3.5 Allergen-related compounds and pollen-associated microbial 
composition 
In the following chapter the influence of microbial community on the allergenicity of 
pollen samples from birch (Betula pendula) and timothy grass (Phleum pratense) was 
demonstrated by the correlation-analyses of microbial α-diversity to allergens, 
allergen-related compounds (PALMs) and stress-induced enzyme activity (NADPH 
oxidase). 
3.5.1 Allergen/stress-related compounds correlated to bacterial diversity on birch 
pollen 
Plotting diversity indices (Shannon, Simpson, n(tRFs)) calculated for the bacterial 
community on birch pollen against parameters defining the pollen´s allergenic 
potential (content of Bet v 1, PALMs, NADPH oxidase), significant correlations were 
observed. Specifically, the number of different fragments (n(tRFs)) is positively 
correlated to the concentration of Bet v 1 (rs = 0.28, p = 0.038; Figure 18A), but not to 
the concentration of PALMLTB4 (rs = 0,14, p = 0.33; Figure 18B), PALMPGE2 (rs = 0.17, 
p = 0.22; Figure 18C) or NADPH oxidase (rs = -0.04, p = 0.79; Figure 18D). Simpson 
diversity Index shows no significant correlation with any of the measured parameters 
of allergenic potential (rs(Bet v 1) = 0.25, p(Bet v 1) = 0.068, Figure 18E; 
rs(PALMLTB4) = 0.08, p(PALMLTB4) = 0.53, Figure 18F; rs(PALMPGE2) = 0.12, 
p(PALMPGE2) = 0.366, Figure 18G; rs(NADPHox.) = 0.05, p(NADPHox.) = 0.75, 
Figure 18H). Shannon diversity Index, however, is negatively correlated to the 
concentration of PALMLTB4 (rs = -0.36, p = 0.006; Figure 18J) and PALMPGE2 (rs = -0.04, p 
= 0.001; Figure 18K), but not with the concentration of Bet v 1 (rs = 0.14, p = 0.317; 







Figure 18 Correlation of bacterial diversity on birch pollen to the content of allergens/PALMs 
and the activity of NADPH oxidase (Obersteiner et al. 2016). Scatterplot including linear trend 
line and spearman correlation values rs and significance level p of diversity indices (Shannon 
H/Simpson 1-D) and parameter (number of fragments n(tRFs)) of bacterial pattern on birch 
pollen (Betula pendula 2014, n = 55) with allergen concentration in pollen.                                                                       
A-C) Correlation of n(tRFs) and allergenicity parameters Bet v 1 (rs = 0.28, p = 0.038), PALMLTB4 
(rs = 0.14, p = 0.33) and PALMPGE2 ( rs = 0.17, p = 0.22).                                                                                                           
D-F) Correlation of Simpson diversity Index 1-D and allergenicity parameters Bet v 1 (rs = 0.25, 
p = 0.068), PALMLTB4 (rs = 0.08, p = 0.53) and PALMPGE2 ( rs = 0.12, p = 0.366).                                                      
G-I) Correlation of Shannon diversity Index H and allergenicity parameters Bet v 1 (rs = 0.14, p = 







3.5.2 Allergen/stress-related compounds correlated to fungal diversity on birch 
pollen 
In contrast to the bacterial patterns the composition of fungi on birch pollen grains 
was not significantly correlated to any allergenicity parameters (Bet v 1, PALMPGE2, 
PALMLTB4, NADPHoxidase) tested (Table 21).  
Table 21 Correlations of fungal diversity on birch pollen to allergen and PALMs-content. 
Spearman-Correlation of fungal diversity-indices (Simpson, Shannon) and the absolute number 
of different fragments (n(tRFs)) analyzed from birch pollen (Betula pendula 2014, n = 18) to the 
produced amount of allergens and PALMs (Bet v 1, PALMPGE2, PALMLTB4) and the activity of 
NADPH oxidase. p = significance level. 
Div.-Index             allergenicity physiology 
 






NADPH     
oxidase 
Simpson 1-D p = 0.69 p = 0.61 p = 0.21 p = 0.96 
Shannon H p = 0.64 p = 0.58 p = 0.15 p = 0.82 
n(tRFs) p = 0.69 p = 0.36 p = 0.13 p = 0.55 
 
3.5.3 Allergen-related compounds correlated to bacterial diversity on timothy grass 
pollen  
The statistical analysis of bacterial pattern obtained from timothy grass pollen (Phleum 
pratense, n = 20; 2014) resulted in a significantly negative correlation between the 
diversity-index Simpson 1-D and the concentration of the allergen PALMPGE2 (rs = -0.51, 
p = 0.039). In all other cases no significant relationship between bacterial diversity-







Table 22  Correlation of bacterial diversity on timothy grass pollen to allergen and PALMs.   
p-value of spearman-correlation of bacterial diversity-indices (Simpson, Shannon) and the 
absolute number of different fragments (N(tRFs)) analyzed from timothy grass pollen (Phleum 
pratense 2014, n = 20) to the produced amount of allergens (Phl p 5, PALMPGE2, PALMLTB4). 
Div.-Index 






Simpson 1-D p = 0.70 p = 0.039 p = 0.06 
Shannon H p = 0.46 p = 0.57 p = 0.67 
n(tRFs) p = 0.25 p = 0.26 p = 0.10 
 
3.5.4 Allergen-related compounds correlated to fungal diversity on timothy grass 
pollen 
The statistical analysis of fungal pattern obtained from timothy grass pollen (n = 20; 
2014) resulted in no significant correlation between the diversity-indices (Simpson 1-D; 
Shannon H; n(tRFs)) and the concentration of the allergens (Phl p5, PALMPGE2, 
PALMLTB4; Table 23).  
Table 23 Correlation of fungal diversity on timothy grass pollen to allergen and PALMs-
content. p-value of spearman-correlation of fungal diversity-indices (Simpson, Shannon) and 
the absolute number of different fragments (n(tRFs)) analyzed from timothy grass pollen 
(Phleum pratense 2014, n = 20) to the produced amount of allergens (Phl p 5, PALMPGE2, 
PALMLTB4). 
Div.-Index 






Simpson 1-D p = 0.64 p = 0.81 p = 0.09 
Shannon H p = 0.64 p = 0.92 p = 0.21 







4 DISCUSSION  
In the first part of the discussion, the plant- and human relevant properties of cultured 
microbial isolates (chapter 3.1, pp. 51) as well as the characteristics of bacterial genera 
determined by 16S amplicon sequencing, occurring in the pollen-associated 
communities of birch (Betula pendula) and timothy grass pollen (Phleum pratense) 
(chapter 3.2.5, pp. 67) are discussed. In the second part, the localization of bacteria on 
pollen surface, as revealed by FISH-CLSM technique (chapter 3.3, pp. 74), are discussed 
and questions about the kind of colonization (surface or endophytic colonization) are 
elucidated. Furthermore, the influence of environmental factors and sampling 
conditions (pollution) on microbial communities of birch and timothy grass pollen 
(chapter 3.4, pp. 79), which potentially may lead to significant differences in plant-
specific fungal and bacterial diversity patterns on pollen grains, is addressed in the 
third part. Additionally a further impact of changes in birch pollen bacterial α-diversity 
to the expression of allergenicity-related substances (chapter 3.5, pp. 83) is discussed 
in the last part.  
4.1 Identification of pollen-associated microbiome 
The first aim of this thesis was to isolate and identify microbes living on pollen grains of 
birch (Betula pendula) or timothy grass (Phleum pratense) using cultivation dependent 
isolation approaches on different laboratory media and different temperatures. 
CoŶsideƌiŶg the so Đalled ͞plate ĐouŶt aŶoŵalǇ͟ (chapter 1.6, p. 21) it is to be 
expected, that only a small percentage of the whole microbial diversity is cultivable 
under standard laboratory conditions. Microbes belonging to the ecological group of 
r-strategists are predicted to dominate under such nutrient rich conditions that are 
offered by the used universal media. R-strategists are characterized by high nutritional 
requirements, a weak substrate affinity and a fast growth. In contrast, microbes 






k-strategists, would have advantage in habitats with limiting conditions (selective 
media; Chen et al. 2016). It should be considered that in case of pollen inhalation the 
conditions in the human nose and mucosa would also present a quite selective and 
specific habitat for bacteria and fungi to colonize and establish within the epithelial 
community. 
A more representative insight into the composition of microbial colonization of pollen 
was determined by cultivation-independent methods (chapter 3.2, p. 59) using tRFLP 
fingerprinting (bacterial 16S-rDNA and fungal ITS 1-2 region), followed by 16S-rDNA 
amplicon sequencing. 
4.1.1 Cultivation dependent analysis of Fungi 
4.1.1.1 Frequently isolated fungi  
Pollen samples from both birch and timothy grass generally showed fungal 
colonization (Table 16 and Table 17, pp. 51) by Aspergillus fumigatus and 
Aureobasidium pullulans. A. fumigatus was described firstly by Fresenius (1863) 
isolated from bronchi and alveoli obtained from bustard. The fungus is able to invade 
the lung leading to aspergillosis in immune-suppressed individuals, high numbers of 
spores are necessary for infection of healthy people. A. pullulans is known as the black 
yeast producing the polysaccharide pullulan, which is used in several areas, e. g. 
medicine, pharmacy and food industry (Cheng et al. 2011). Moreover it produces 
compounds interacting with the human IgG antibodies and is suggested to influence 
the immune-system (Muramatsu et al. ϮϬϭϮ; GostiŶčaƌ et al. 2014). 
On birch pollen several fungi  could be isolated and identified. Among them we found 
species of the genus Penicillium (affiliated to P. pancosmium, P. vancouverense), a 
ubiquitous, saprophytic and also airborne fungal genus producing spores inducing 
respiratory allergy problem in humans. Especially in immunosuppressed people this 






urinary and respiratory tract or the lung, including pneumonia. Furthermore 
Penicillium sp. is known for their production of mycotoxins (Pitt 1994). 
P. vancouverense belongs to the section Citrina. Species of this section mostly appear 
in soil (Houbraken et al. 2011). For P. vancouverense or P. pancosmium no hints were 
found in the literature regarding the production of mycotoxins or any other human or 
plant threatening (pathogenic) property. 
 
4.1.1.2 Occasionally isolated fungi  
Another fungal strain colonizing birch pollen is affiliated to Cladosporium australiense. 
Species of the genus Cladosporium are found cosmopolitan in plant, soil, food, paint, 
textiles or other organic material. They are known as common endophytes and also as 
causative agents of leaf spots and lesions (Bensch et al. 2012).  
Kwoniella betulae, isolated from birch pollen, is a novel yeast species described 
recently in 2015 isolated from birch trees in the USA (Sylvester et al. 2015). So far not 
much information is found about pathogenic of beneficial properties of this fungus. 
Alternaria alternata, a mold isolated from birch pollen, is known as a major causative 
agent for fungal allergies and occur ubiquitously all over the world (Achatz et al. 1995). 
Moreover this filamentous fungus contains seven different variants producing host-
specific phytopathogenic toxins leading to necrosis in different plants (Nishimura & 
Kohmoto 1983; Hatta et al. 2002). 
Isolated strains were also affiliated to Cryptosphaeria eunomia var. fraxini and 
Davidiella macrospora. Rather poor information about these species were found. 
D. machrospora was found to be highly adapted to colonize wheat roots, stem base 
and stem, neither beneficial nor pathogenic properties are mentioned (Grudzinska-






Other fungal strains that were occasionally isolated from timothy grass pollen were 
affiliated to the mycotoxin producing species Aspergillus tubingensis and A. niger, two 
closely related species. Recent studies showed that the fungus A. tubingensis is able to 
produce an enzyme (glucose oxidase) inhibiting the growth and spore production of 
the plant pathogen Fusarium solani (Kriaa et al. 2015). A. tubingensis as well as A. niger 
belong to the group of fungus which were shown to produce the Ochratoxin A (OTA), a 
toxin exhibiting several problems in human health and agricultural products, including 
grapes, wine (Perrone et al. 2006) and roasted Chilean coffee (Galarce-Bustos et al. 
2014). Summed up in Medina et al. (2005) OTA is considered as teratogenic, 
carcinogenic, cytotoxic in hepatic cell lines and leads to nephrotoxicity, 
immunosuppression and intestinal fragility.  
Another phytopathogenic fungus is Fusarium sporotrichioides (Marasas et al. 1984), to 
which one strain isolated from timothy grass pollen was affiliated to. The genus 
Fusarium sp. is frequently studied and a well-known for its pathogenic properties, for 
example on wheat (Grudzinska-Sterno et al. 2016). Several species, among them also 
the soil-borne F. sporotrichioides, were found to induce head blight in cereal crops 
worldwide. It was also reported that overwintered cereals that were contaminated 
with. F. sporotrichioides led to the death of more than 1000 people during 
World War II (Asano et al. 2012). 
A strain isolated from timothy grass pollen was also affiliated to Rhizopus microsporus. 
This fungus contains an endosymbiotic bacterium producing the phytotoxin rhizoxin 
(Partida-Martinez et al. 2007), a peptide also highly toxic to mammals leading to 
serious hepatic lesions (Wilson et al. 1984). Some subspecies of Rhizopus sp. are used 
in fermentation processes in soybeans, which could cause a potential risk for human 
health (Scherlach et al. 2013). 
Rhodotorula glutinis, yeast isolated from timothy grass pollen, is considered as an 






ability as biocontrol agent and its antagonistic activities against the postharvest 
pathogens (Chen et al. 2015), for example Penicillium expansum which was shown to 
be the causative agent for blue rot in harvested apples (Calvente et al. 1999). 
Moreover single cases of human infections were reported associated to R. glutinis, like 
liver cirrhosis, systemic lupus erythematous or nasopharyngeal carcinoma (Wirth & 
Goldani 2012). 
4.1.2 Cultivation dependent analysis of Bacteria 
Only selected bacterial species respond well to the in vitro cultivation conditions (Table 
18 and Table 19, pp. 55; phylogenetic trees Figure 25-32, pp. 139). In the following 
section, the properties of cultivated bacterial isolates are presented in more detail. 
Bacterial cultures isolated from timothy grass pollen as well as from birch pollen 
comprise three main phyla: Proteobacteria, Firmicutes and Actinobacteria. According 
to several studies (e. g. Bulgarelli et al. 2012; Vorholt 2012; Bai et al. 2015) these three 
phyla belong to the main co-occurring phyla which colonize the plant´s phyllosphere 
and rhizosphere.  
4.1.2.1 Frequently isolated Bacillus spp.  
Species belonging to the genus Bacillus were isolated from every birch and timothy 
grass pollen samples that were collected from five different locations and inoculated 
on universal media. Species of Bacillus sp. (Skerman et al. 1980) are rod shaped, Gram-
positive, aerobic to facultative aerobic and known to build endospores colonizing wide 
spread environmental habitats like soil, water sources or plants (Madigan & 
Martinko 2009). Species affiliated to B. thuringiensis were isolated even from insect 
carcasses (Schneider et al. 2015). Several studies showed that certain species of Bacilli 
show antagonistic activities by limiting the number of phytopathogens and also are 






growth promoting effects (Shternshis et al. 2015). Furthermore, Bacillus spp. are 
known for their ability to induce systemic resistance (ISR) (Kloepper et al. 2004). 
B. thuringiensis (Skerman et al. 1980), isolated from birch and timothy grass pollen, 
belongs to the B. cereus group and the production of crystalline, proteinaceous 
ɷ-endotoxins enables this bacterial species as highly successful for biological pest-
control. Recent studies showed that B. subtilis (Zhang et al. 2010) and also 
B. licheniformis (Probanza et al. 2001) strains are able to suppress the growth of the 
phytopathogenic fungus Botrytis cinerea on strawberry plants (Shternshis et al. 2015). 
Another beneficial characteristic of Bacillus spp. is the frequently studied and well 
known ability of plant-growth-promotion in the plant rhizosphere (PGPR). Next to 
B. pumilus (Probanza et al. 2001), B. subtilis (Zhang et al. 2010), B. thuringiensis (Bai et 
al. 2003) also B. licheniformis (Probanza et al. 2001) show this special property 
(Gutierrez-Manero et al. 2001; Schwartz et al. 2013). Moreover B. licheniformis and 
also B. simplex (Priest et al. 1988) recently were shown to produce a heat-stable toxin, 
which is not studied in more detail so far, but with similar physical characteristics to 
the Bacillus cereus eŵetiĐ toǆiŶ ͞Đeƌeulide͟ (Taylor et al. 2005). B. subtilis and its close 
relatives are known to play an important role in industry in terms of enzymes like 
amylases and proteases (Kunst et al. 1997). Bacillus oleronius (Kuhnigk et al. 1995; 
Heyndrickx et al. 2012) is known as a symbiont for insects. In 1995, B. oleronius was 
firstly isolated from the midgut of the termite Reticulitermes santonensis (Kuhnigk et 
al. 1995). Moreover it was found in the Demodex mite, obtained from a patient 
suffering from the Rosaceae skin disease (Lacey et al. 2007; Li et al. 2010). The 
bacterium is suggested to produce proteins supporting the course of Rosaceae disease 
(Jarmuda et al. 2012) by activating neutrophils which produce inflammatory cytokines 
(Jarmuda et al. 2012; O'Reilly et al. 2012). Strains of Bacillus amyloliquefaciens (Priest 
et al. 1988) are frequently reported in literature due to plant growth promoting 
effects, e. g. in lettuce (Chowdhury et al. 2013; Gamez et al. 2015) and the production 






et al. 2012). The isolated strains from timothy grass, which was closely related to 
B. safensis (Satomi et al. 2006), is reported to be tolerant to saline conditions (Kothari 
et al. 2013) and osmotic stress, and further show plant growth promoting effects in 
wheat plants (Chakraborty et al. 2013). B. clausii (Nielsen 1995), also isolated from 
timothy grass pollen, was recently studied and a compound was found that show 
bactericidal activity against Agrobacterium tumefaciens and fungistatic mode against 
Candida tropicalis (Mouloud et al. 2013). 
The high number of isolated species affiliated to Bacillus may be because of their 
ability to produce spores which are dormant and heat-/desiccation-tolerant (Schwartz 
et al. 2013). This provides an advantage for survival in severe stress situation 
compared to Gram-negative bacteria lacking spore formation. Therefore, after 
sampling and sieving the pollen, Bacillus sp. may have survived in fitter conditions 
which led to their abundance on media in competing community. 
4.1.2.2 Frequently isolated Pseudomonas spp.  
Also bacterial species affiliated to the genus of Pseudomonas, originally defined by 
Migula (1894), could be isolated both from birch (affiliated to: 2x P. graminis) and 
timothy grass pollen (affiliated to: 1x P. graminis, 4x P. fluorescens, 1x P. poae, 1x P. 
trivialis, 2x P. orientalis, 1x P. putida, 1x P. rhodesiae). The genus Pseudomonas belongs 
to the subphylum of ɶ-Proteobacteria, are Gram-negative, aerobic, rod-shaped with 
polar flagella growing in different environmental habitats like, water, soil or air 
(Schreiber et al. 2005). They are known for their broad functional spectrum, from the 
decomposition of organic material, to plant growth promoting or pathogenic effects 
(Anwar et al. 2016). Together with other bacterial genera, like Pantoea sp. (Gavini et 
al. 1989) which were also isolated from birch pollen (affiliated to: 1x P. agglomerans), 
bacteria of the genus Pseudomonas form yellow-pigmented colonies and are 
commonly known to occur in the rhizosphere as well as in the phyllosphere of plants 






genera colonizing leaf surfaces (Lindow & Brandl 2003). The isolated strain was 
affiliated to P. graminis (Behrendt et al. 1999) which firstly was described in 1999 after 
isolation from the grass phyllosphere. It is a non-spore-forming, straight rod and motile 
bacterium (Behrendt et al. 1999). Strains of P. graminis recently showed antagonistic 
affects to foodborne pathogens of apples and peaches (Alegre et al. 2013). Studies 
performed in 2005 showed an enhancing effect of P. graminis strain due to the water 
permeability in the leaves cuticle (Schreiber et al. 2005). Isolated strains were also 
related to P. poae and P. trivialis both belonging to fluorescent pseudomodas, 
occurring typically in the phyllosphere and first described in 2003 by Behrendt et al. 
(2003). For P. trivialis, an antagonistic effect to the phytopathogenic fungus 
Rhizoctonia solani could be shown, as well as for P. fluorescens (Skerman et al. 1980; 
Kai et al. 2007). P. fluorescens is also known for their ability to promote plant growth, 
as it is shown for some graminaceous plants. Another strain isolated from timothy 
grass pollen was affiliated to P. orientalis which was first isolated in Lebanese spring 
water (Dabboussi et al. 1999). No special properties regarding supporting or stressing 
plants were found in literature. One isolate from timothy grass pollen was affiliated to 
P. putida (Chun et al. 2001) which is known as a plant-associated antagonistic species 
against e. g. the phytopathogenic fungus Verticillium dahlia by the production of 
hydrolytic enzymes and secondary metabolites (Berg et al. 2005). Furthermore, P. 
putida is well studied in association to plant growth promoting properties, even in 
combination with an induced systemic resistance of the host plant (Annapurna et al. 
2013). P. rhodesiae, the last pseudomonad isolated from timothy grass pollen, was 
firstly described in 1996 (Coroler et al. 1996). This species was found to support crops 
like tomato (Solanum lycopersicum), chilli (Capsicum annuum) or brinjal (Solanum 







4.1.2.3 Occasionally isolated Gram-negative bacterial species  
Several bacterial isolates were cultivated once from one birch or timothy grass pollen 
samples, respectively; they belong to the following bacterial species: 
Serratia sp. (affiliated to S. liquefaciens, Skerman et al. 1980) are reported as 
antagonistic bacteria and isolated from birch pollen. Gram-negative Serratia spp. 
frequently occur in environmental and plant associated habitats showing antibiotic and 
sometimes antifungal activity. Serratia liquefaciens strain C63 for example showed 
good protection abilities in carnation rhizosphere against root cutting (Kalbe et al. 
1996).  
Isolates belonging to the Gram-negative genus Erwinia (originally described 1920 by 
Winslow et al.) were cultivated from pollen of both plant species. The genus Erwinia is 
known to contain pathogenic as well as non-pathogen bacterial species. E. billingiae 
(Mergaert et al. 1999), also isolated from birch pollen, shows a tendency to colonize 
saprophytically necrotic tissue of plants. Moreover, the ability to act as an antagonist 
to the fire blight pathogen has been shown for this epiphytic bacterium (Jakovljevic et 
al. 2008). From timothy grass pollen, a strain isolated was closely related to 
E. persicina, a phytopathogenic bacterium according to Zhan et al. 2014. In addition to 
wilted and necrotic plants, this bacterium had been isolated also from healthy plants 
like tomato, banana, apple and others. It was found in the urinary track of humans. 
E. persicina is highly adaptive, which probably explains the wide range of 
environmental habitats, even under arid, saline and alkaline conditions (Zhang & 
Nan 2014). 
Another bacterium isolated from birch pollen belonged to the closely related genus 
Pantoea (affiliated to P. agglomerans, former known as Erwinia herbicola, (Gavini et al. 
1989). Pantoea species are found to colonize feculent material, plants and soil 






commonly isolated from human samples, leading to soft tissue and bone infections 
(Kratz et al. 2003; Cruz et al. 2007). 
Another strain isolated from birch pollen was affiliated to the genus 
Paracraurococcus sp. (Saitoh et al. 1998), Gram-negative coccoid bacterium.  
Paracraurococcus spp. are non-motile and form irregular, red colonies. 
Paracraurococcus sp. is not known to have any pathogenic or beneficial effect to plants 
or humans. 
Two isolated strains from timothy grass were closely related to the genus 
Stenotrophomonas sp. and specifically to S. rhizophila (Wolf 2002). Antagonistic 
activities against the pathogenic fungus Rhizoctonia solani by the production of volatile 
compounds were demonstrated (Kai et al. 2007). Furthermore, plant growth 
promoting effects of S. rhizophila were shown by affecting deleterious fungal 
communities in the rhizosphere of tomato and sweet pepper plants. Therefore, this 
bacterium is of biotechnological interest, especially in the case of disease control in 
cotton plants (Schmidt et al. 2012). 
4.1.2.4 Occasionally isolated Gram-positive bacterial species  
An isolate obtained from birch pollen was related to the genus Laceyella sp. (Lacey 
1971).The affiliated species L. sacchari is also known as Thermoactinomyces sacchari 
(Yoon et al. 2005). The endospore producing cells are gram positive, aerobic and form 
kind of mycelia (Yoon 2005). T. sacchari was found to be responsible for respiratory 
problems by inducing an allergic alveolitis, also known as hypersensitivity pneumonitis. 
Therein are several diseases which can be induced by an infection with T. sacchari, for 
eǆaŵple the ͞Mushƌooŵ ǁoƌkeƌs luŶg͟, Bagassosis oƌ the ͞VeŶtilatioŶ luŶg͟ (Selman 
et al. 2009). 
Another strain isolated from birch pollen was affiliated to Micrococcus luteus (Skerman 






intracranial abscesses (Selladurai et al. 2009), pneumonia (Souhami et al. 1979), and 
septic arthritis in patients with a suppressed immune-system (Altuntas et al. 2004). 
Furthermore it was found in the catheter of a haemodialysis patient, inducing 
bacteraemia and was not responding to several antibiotic therapies (Peces et al. 1997). 
A case of meningitis due to M. luteus (Fosse et al. 1985) was also reported. 
Other isolates were affiliated to Streptomyces spp.  (Skerman et al. 1980) which are 
filamentous, spore-forming bacteria belonging to the phylum of Actinobacteria. They 
can be found in soil and as endophytes in plants. Beneficial effects due to the host 
plant regarding growth promoting activities. Streptomyces sp. are also well known for 
their production of antibiotic compounds which further protects the plant against 
pathogens. A minority is also known as phytopathogens themselves (Rasimus-Sahari et 
al. 2016). S. mutabilis, closely related to a strain isolated from birch pollen, was 
described originally by Preobrazhenskaya and Ryabova (1957) is not only suitable for 
biocontrol of pathogens, but also show plant growth promoting effects in wheat plants 
(Toumatia et al. 2016). Another strain, isolated from timothy grass pollen, was closely 
related to Streptomyces rutgersensis (Skerman et al. 1980), originally described by 
Waksman and Curtis (1916). Since then only rare information is available in the 
literature. 
Isolates affiliated to Curtobacterium flaccumfaciens (Collins & Jones 1983) were 
cultivated both from birch and timothy grass pollen. Curtobacterium spp. was originally 
described as Corynebacterium flaccumfaciens by Hedges (1922). It was shown to be 
responsible for bacterial wilt in dry beans worldwide. Firstly appearing in 1926 in the 
USA, the pathogen was recently isolated in Germany (Osdaghi et al. 2015).  
From timothy grass pollen, bacterial isolates belonging to the genus Exiguobacterium 
were isolated. Bacteria of this genus are rod-shaped, facultative anaerobic, non-spore-
forming, motile cells with peritrichous flagella, positioned in the Gram-positive phylum 






was firstly isolated from surface water in Wolfenbüttel in 2001. No information about 
pathogen or beneficial relation to plants or human could be found. Another strain 
affiliated to Exiguobacterium is closely related to E. sibiricum (Rodrigues et al. 2006). E. 
sibiricum was firstly isolated from Siberian permafrost in 2005, a challenging habitat 
for any organism.  
A strain affiliated to Brachybacterium alimentarium was isolated from one location of 
sampled timothy grass pollen. Originally this coryneform bacterium was isolated from 
Beaufort cheeses (Schubert et al. 1996).  Brachybacterium spp. (Collins et al. 1988) are 
gram-positive, non-motile cells varying in shape from coccoid to rods in their 
exponential phase. Brachybacterium spp. (B. saurashtrense) was reported as 
halotolerant species and to be able to promote the growth of the halophyte Salicornia 
brachiate (Iha et al. 2012).  
Another isolate belong to the genus Carnobacterium, specifically affiliated to 
C. maltaromaticum (Mora et al. 2003). This lactic acid bacterium was former known as 
C. piscicola. The cells are non-motile and occur partly in chains (Mora et al. 2003). The 
facultative anaerobic C. maltaromanicum is frequently isolated from natural 
environments and foods and often reported as inhibitor for the growth of pathogenic 
and spoilage microorganisms, like Listeria sp. in fish and meat samples (Leisner et al. 
2007).  
4.1.3 Bacterial community analyses based on cultivation-independent 16S-rDNA 
amplicon sequencing 
To get insights into the bacterial colonization of pollen independent from cultivation 
bias, DNA-based molecular community analyses were performed which also provided 
bacterial phylogenetic characterization (chapter 3.2.5, pp. 67). It is not surprising that a 






4.1.3.1 Exclusion of bias 
Universal primers were used for PCR procedures, and attention was paid on weak gel-
bands. PCR-runs were performed in triplicates to avoid random over-amplification, 
however, the risk biased amplification could not be excluded. Due to a very high ratio 
of plastid DNA, two PCR runs were necessary, which increase the risk of bias in case of 
available preferred binding sites by the used primers. However, in this study the same 
primers and procedures were performed for grass and birch pollen, so that direct 
comparison could be made. On both pollen (plant) species the dominant genus 
Dickeya sp. (birch pollen < 3%, grass pollen 50 %) and Devosia sp. (birch pollen 54 %, 
grass pollen 0.8%) appear, but in a contrary abundance. If the difference would be 
caused by any artificial bias, the distribution of the dominant genera would be more 
random, not so distinctly assigned to plant species. 
The problem of plastid contamination was solved by separation of the amplified bands 
belonging to the plastid and 16S-rDNA respectively (chapter 2.4.2, pp.36), before 
starting amplicon sequencing. Eluted bacterial 16S-DNA-band were used for further 
amplification and sequencing processes. 
4.1.3.2 Bacterial community associated with timothy grass pollen 
Timothy grass pollen was dominated by ɶ-Proteobacteria, specifically by the 
enterobacterial genera Dickeya (former called Erwinia chrysanthemi) and Erwinia 
(Figure 8ab and 9ab, pp. 67). Species of Dickeya are phytopathogenic members of the 
pectolytic Enterobacteriaceae, occurring worldwide causing soft rot diseases on 
several crop and ornamental plants (Toth et al. 2011). Showing a wide host range in 
the angiosperm clade Dickeya sp. was also found in several species of Poaceae (Oryza 
sativa L., Saccharum officinarum L., Zea mays L.; Ma et al. 2007; Toth et al. 2011). Six 
pathovars arose from the reclassification of Erwinia chrysanthemi basically named 
after host specificity (Samson et al. 2005). Three species were detected to appear on 






D. dadantii in traces. Besides phytopathogenic characteristics, single species of Dickeya 
(D. dadantii) also appear to be highly infectious for insects like the pea aphid 
Acyrthosiphon pisum (Grenier et al. 2006). Although, closely related Erwinia spp. could 
be isolated, no Dickeya culture could be isolated from timothy grass pollen. 
The aggressiveness amongst Dickeya species is highly variable, wherein D. dianthicola 
currently belong to the most effective one. The bacteria are able to survive in soil and 
are transmitted to plants by irrigation water, insects and trading in seed tubers – and 
as we know now - also by anemochorous pollen. This is an important fact in ecological 
and economical terms, as far as 25% of potato blackleg incidences in the last 40 years 
in Netherlands, Belgium and France were attributed to Dickeya spp. (Toth et al. 2011).  
The second dominating genus on timothy grass pollen is the group of the 
ɶ-Proteobacterium Erwinia sp., a genus containing plant-associated bacteria. On 
timothy grass pollen the group is represented by the species E. tasmaniensis (5±4.9 %), 
E. billingiae (< 3%) and partially in traces E. soli and E. dispersa (< 3%). E. tasmaniensis 
as well as E. billingieae (Mergaert et al. 1999) are non-pathogenic, epiphytic species 
isolated from the surface of apple and pear trees showing antagonistic activities to fire 
blight disease by competition the pathogens (Geider et al. 2006; Jakovljevic et al. 2008; 
Kube et al. 2010). Several isolates of Erwinia could be cultivated from both birch and 
timothy grass pollen. 
4.1.3.3 Bacterial community associated to birch pollen 
Birch pollen was colonized by a completely different bacterial community consisting of 
genera of Gram-negative Devosia (α-Proteobacteria) and Gram-positive Alkalibacillus 
(Firmicutes) (Figure 10ab and Figure 11ab, pp. 73). 
Species of Alkalibacillus belong to the Gram-positive Bacillaceae, a family of robust 
spore-forming, rod-shaped bacteria, which were found to play important roles in soil 






environments. Alkalibacillus spp. are strictly aerobic and moderately halotolerant. The 
dominating species on birch pollen, A. salilacus, was firstly isolated from salt lakes in 
China (Jeon et al. 2005), but also from brine, camel dung, loam, mud (Mandic-Mulec et 
al. 2015) and various saline environments (Wen et al. 2009). No reports about 
phytopathogenic characteristics or even plant colonizing activities of Alkalibacillus spp. 
could be found in literature. Therefore, this high abundance of Alkalibacillus spp. in 
bacterial composition on European birch pollen is the more interesting as isolates were 
obtained from such different and distant habitats so far. Because of the spore forming 
characteristics species of Bacillaceae are able to survive also adverse conditions for 
even longer periods. This empowers them also to travel greater distances, even over 
continents by air (Smith et al. 2013; Mandic-Mulec et al. 2015). However, no cultivated 
strain belonging to Alkalibacillus was obtained from pollen; although other Bacilli were 
isolated frequently.                                                                                                                                                       
The second dominating genus on birch pollen is the group of α-Proteobacterium 
Devosia sp., predominantly by D. hwasunensis (53.6±3.3 %), and also in small numbers 
D. geojeni. D. hwasunensis appears in aerobic granular sludge important for industrial 
waste water treatment, but information about plant colonization is rare. Devosia spp. 
generally are known for their biodegradability in contaminated soil and waste water 
(Li et al. 2012). 
4.1.4 Conclusion: microbial colonization on allergenic pollen 
Cultivated bacteria isolated from birch and timothy grass pollen do not represent the 
actually occurring abundances of bacterial populations. It is well known that in 
bacterial populations, a richer biodiversity can be determined when analyzed by 
culture-independent, DNA-based methods (Rastogi et al. 2012). Indeed, only a selected 
number of bacterial strains dominated under the isolation conditions using inoculated 
agar media. This is an important fact to consider, because similar condensed 






pollen. Bacteria and fungi, which are able to grow under such conditions, may have the 
potential to influence the human immune-system, after contaminated pollen come in 
contact to the epithelia. Most of the isolated bacteria and fungi in this study are 
inhabitants of natural environments like plant, soil and water, interacting with plants in 
beneficial and also pathogenic way. However, some of the isolates also occur 
commonly on human or animal material threatening their health. Taken together, the 
isolated strains represent the potential to interact with the plant or the human 
defense mechanisms. 
Predominant genera of the microbes colonizing pollen may have a substantial impact 
on the pollen and plant metabolome, interacting with the plant defense mechanisms. 
The results due to this hypothesis (chapter 3.4 and chapter 3.5, pp. 79) are discussed in 
one of the following chapters (chapter 4.4). For further studies it would be interesting, 
whether bacterial communities isolated from human nose and mucosa have some 
resemblance with the pollen-associated, isolated microbes. Such a comparison might 
give a hint, if beside allergenic compounds; certain microbes colonizing allergenic 
pollen also contribute directly to the allergic reaction of patients. 
4.2 Fluorescence in situ Hybridization (FISH) 
The staining approach by doing FISH is the third method that shows the significant 
difference in colonization of pollen obtained from birch and timothy grass pollen 
(chapter 3.3, pp. 74). On timothy grass pollen a distinct predominance of 
ɶ-Proteobacteria were visible, whereas α-Proteobacteria dominated on birch pollen.  
FISH-CLSM-images of pollen-associated bacteria show an effective colonization of the 
surface of the pollen wall (including the so called aperture area) by ɶ-Proteobacteria 
(Figure 12 and Figure 13, pp. 76), to which Dickeya spp. and Erwinia spp. belong. 
ɶ-Proteobacteria are found located to the so called aperture area of pollen grains, 






Hepler 1997). On these sites the pectolytic effects of Dickeya sp. (Collmer & Keen 
1986; Toth et al. 2011) may impact the pollen and hence may influence defense-
induced mechanism in the plants.  
Although pollen and bacteria were dehydrated during FISH procedure the possibility 
has to be mentioned that the probes eventually could not reach the inside of the 
pollen to stain eventually occurring endophytic bacteria. The outer layer (exine) is 
covered by a robust coat made of sporopollenin creating a border for many physical 
and chemical influences (Ariizumi & Toriyama 2011). The images also show the 
apertures of timothy grass and birch pollen possessing only very small opening, thus 
the probes possibly were not able to enter the inside of the pollen. 
4.3 Possible influences on the pollen-associated microbiome  
Bacterial and fungal pattern composition as well as the α-diversity differs significantly 
between microbiome of birch and timothy grass pollen as determined by tRFLP 
fingerprinting and 16S-rDNA community analyses (chapter 3.2, pp.59). The extent of 
bacterial diversity on birch pollen is significantly higher regarding highly abundant 
species than on timothy grass pollen; whereas the fungal diversity on birch pollen is 
significantly lower than on timothy grass pollen.  
The distinct differences in bacterial colonization on birch and timothy grass pollen can 
be explained by their different ecology, pollen morphology and physiology. Timothy 
grass and birch trees are exposed to different environmental conditions caused by 
their height, root depth, exudates and blooming period, exhibiting various biotic (other 
plants, insects) and abiotic factors (wind, temperature, humidity) influencing the 
microbial composition on natural samples (Finkel et al. 2012; Rastogi et al. 2012).   
Pollen from birch catkins contains three apertures, whereas timothy grass pollen only 






inner wall (intine) consists of compounds similar to the wall of common plant cells 
(cellulose, hemicellulose, pectic polymers, enzymes, proteins), the outer layer (exine), 
however, consists of sporopollenin. This is a robust and very tough material resistant 
against biological, chemical and physical degradation (Scott 1994) consisting of 
biopolymers derived mainly from long-chained fatty acids or long aliphatic chains 
(Scott 1994; Bubert et al. 2002). Despite the morphological variations the fundamental 
structure of the pollen walls are quite similar among taxa and therefore further studies 
are needed for detecting the influences that may affect the bacterial composition on 
pollen. Nevertheless, we found specific dominant bacteria with different potential 
pathogenic characteristics colonizing birch and timothy grass pollen. This pathogenic 
potential of the dominant bacteria could considerably affect the plant-defense-system 
and an enhancement of the allergen expression may appear. This could especially be 
the case, since some allergens (like Bet v 1) belong to the pathogenesis-related (PR) 
family of proteins, which are involved in the plant defense system (Swoboda et 
al. 1994). 
4.3.1 Influence of sampling locations  
Birch pollen were sampled in Augsburg, roughly 70 km away from the Munich area, 
where timothy grass pollen were collected. Therefore, the microbiome-related 
differences may not really be species-specific, but also could be traced back to 
probably different conditions of the sampling sites located apart. To further investigate 
these phenomena, samples of timothy grass pollen were collected in Augsburg and 
Munich and a microbiome-related pattern Analysis of Similarity (ANOSIM) was 
performed. The result showed a quite similar composition of tRFLP fingerprint on the 
timothy grass pollen collected in Augsburg and Munich (p = 0.2359, R = 0.1058). Hence, 
it can be excluded, that different sampling site of birch and timothy grass can explain 






4.3.2 Influence of environmental factors 
The environment itself could influence the composition of bacterial and fungal 
community on the surface of pollen in the three major ways: Firstly, the environment 
can act as a source of inoculum. At different locations, different microbial communities 
may be in the air, in the soil or near plants, which represents different sink-source-
dynamics. Secondly, at different locations foreign inoculation can happen by rain-
splash, overhead irrigation, wind or insects. Third, the environment can act as a driver 
of microbial activity by altering temperature and humidity parameter (Finkel et 
al. 2012; Rastogi et al. 2012). 
Pollen of timothy grass (Phleum pratense) develops in June/July under different 
environmental and climatic conditions compared to pollen of birch (Betula pendula), 
which flowers in April. Caused by a growth near the ground and flowering period in 
July grass pollen would probably be exposed to higher temperature, which further 
leads to higher evaporation rate and thus lower humidity. Catkins from birch are 
flowering in April when it is colder and often rainy. Catkins dispersed in the wind may 
also have more contact to other plant organs (leaves, stems) whereas the 
inflorescence of timothy grass is rather rigid. 
4.3.3 Influence of seasonal climatic conditions 
Another fact that may explain the significantly different microbial pattern detected on 
birch and timothy grass pollen is the different climatic condition of the pollination 
periods. As mentioned earlier, the pollination and sampling period of birch catkins 
took place from March to April, whereas the pollination and sampling period of 
timothy grass spikes took place in June. With the support of the Deutsche 
Wetterdienst, providing the access to annual climate data (www.dwd.de/cdc), a 
statistical comparison of the temperature and humidity conditions during pollination 






As expected, the air temperatures in April differed significantly to the temperatures in 
June in all three sampling seasons in 2013 to 2015 (p2013 < 0.001, p2014 < 0.001, p2015 < 
0.001). However, comparing the temperature of birch pollination periods 2013, 2014 
and 2015 with each other, also significant differences appear (p13/14 <0.001, p14/15 = 
0.008, p13/15 = 0.005), whereas the pollination periods of timothy grass 2013, 2014 and 
2015 did not differ significantly (p13/14 =0.08, p14/15 = 0.8, p13/15 = 0.1). In summary, not 
only April and June differ significantly due to the temperature, but also the April 
temperatures among the three sampling years. While the differences in microbiome 
patterns on birch and timothy grass pollen were consistent in all three sampling years, 
it indicates that temperature differences might not be the responsible factor for 
microbial colonization of pollen.  
Concerning the relative humidity in the air, which could also have an important 
influence on the growth of bacteria or fungi, April and June differed significantly in 
2013 (p = 0.02) and 2014 (p < 0.001), but not so in 2015 (p = 0.07). Nevertheless, in 
2015 the microbiome patterns on birch and timothy grass pollen differed also 
significantly which indicates that relative humidity is also probably not a responsible 
factor governing the microbial colonization of pollen. 
4.3.4 Influence of endophytic microbial colonization 
It is possible that due to the mechanical and enzymatic lysis steps used during DNA-
extraction, the DNA from the endophytic microbes within pollen could have been 
liberated. Some of the bacterial species which were identified in 16S-rDNA analysis 
have also been described previously as endophytes of plants.  For example, a strain of 
Enterobacter cloacae has been characterized as obligate endophyte in surface 
sterilized pollen of several Pine species, and also in their roots and shoots (Madmony 






It is known that several plant-specific parameters can influence the diversity of the 
bacterial community in the rhizosphere, for example root exudates attracting specific 
microbes, altering the pH- milieu or selecting via antimicrobial compounds (Hartmann 
et al. 2009). Thus, plants harbor a specific microbiome recruited from the soil 
microbiome. This also determines the endophytic composition and hence also 
different bacteria and fungi may occur in pollen of different plant species. Plant 
endophytes may vary with changing environmental conditions, like pollution or 
climate. 
4.3.5 Influence of the geno-/phenotype of plants 
The genotype of a plant can influence the bacterial community composition 
(Vorholt 2012). The so Đalled ͞ĐoŵŵoŶ gaƌdeŶ͟ eǆpeƌiŵeŶts ;diffeƌeŶt plaŶt speĐies 
were grown under similar environmental conditions) showed that mutants from 
Arabidopsis thaliana, with an altered cuticular wax biosynthesis, presented a 
significant different microbial composition on leaves than the wildtype. The plant 
specific differences on pollen already occur in the rough structure as well as the 
number of apertures on the outer layer (exine) (Blackmore et al. 2007), by which 
microbes may enter the inside of pollen.  
Although the fundamental chemical structure of the outer pollen walls is quite similar 
among taxa, the morphology is highly variable. To overcome the immobility plants 
have evolved to distinguish between native and foreign pollen grains to avoid 
inappropriate fertilization. The pollen-stigma adhesion is communicated by specific 
chemical and physical impulses delivered by the pollen exine (Zinkl et al. 1999). These 
specific signals of the exine may have an influence on the pollen-associated 






4.3.6 Conclusion: Pollen microbiome depends on plant species 
In natural environments a combination of several biotic and abiotic factors are 
responsible for influencing and characterizing ecosystems. Therefore, it is difficult to 
find one special factor which has the highest impact on the nature of the ecosystem. 
The fact that a constant difference in pollen-associated microbiome on the two 
different plant species studied here was observed indicates a core pollen-microbiome 
for a plant species. Further studies are required to exclude the potential impact of 
different factors separately under controlled conditions to determine which one has 
the highest influence on the composition of pollen-microbiome structure. 
4.4 Relationship of bacterial diversity determined by tRFLP-analysis to 
pollution and allergenicity 
4.4.1 Impact of urban pollution on bacterial diversity 
As it was shown from the microbiome community analysis of pollen samples from 
different locations (Figure 17, pp. 81), an influence of environmental conditions could 
be found. With a higher urbanization rate, a higher air concentration of NO2 and a 







Figure 19 Spearman correlation of ambient NO2- and O3-concentraion to an increasing 
Urbanization Index (UI) on locations of birch pollen sampling in 2014 (each n = 55). 
Although the Spearman rs-value was partly quite low indicating a high variance among 
the correlation data, the pollution parameters correlated significantly to the bacterial 
diversity on birch pollen, which was calculated on the basis of tRFLP pattern analysis. 
Ambient NO2 concentrations as well as the Urbanization Index correlate significantly 
negative with the bacterial diversity (n(tRFs), Simpson Index). In the case of O3 the 
bacterial diversity (Simpson Index) increased significantly with higher pollutant 
concentration in the air. Considering together the correlation results of the 
urbanization-parameter UI, NO2 and O3, a lower bacterial diversity on pollen was 
observed in more urbanized areas. Apparently, the high number of different abiotic 
stress factors occurring in a city, also influence plants and their associated microbes. 
Beside higher air pollution values also soil pollution, nutrient shortage, heat and 
drought can occur in high intensity in urbanized areas and may affect and stress the 
organism living there (Bostock et al. 2014). Due to the fact that no other urbanization-
related abiotic stress factor beside air-pollution was analyzed, a direct impact of 
pollution to the reduced bacterial diversity on the pollen cannot be certainly 
concluded. Nevertheless, it is possible that one of the abiotic factors mentioned above 
may have an impact on the microbial diversity associated to pollen. Another study 






diversity when comparing samples from urban and rural areas. Similar to our 
observations, the dust-associated microbial community showed a lower diversity in 
urban area as compared to rural areas (Barberán et al. 2015). 
4.4.2 Impact of bacterial diversity on allergenicity  
In addition to environmental parameters, some allergenicity parameters showed 
significant correlations to the bacterial diversity on pollen (Figure 18, pp. 84). The 
major birch allergen Bet v 1 increased with higher bacterial diversity (nTRFs), whereas 
the content of PALMLTB4 and PALMPGE2 decreased (Shannon H). The analysis of timothy 
grass pollen showed a significantly negative correlation of the bacterial diversity 
(Simpson 1-D) and the content of PALMPGE2 (Table 22, pp. 86). Plants are able to 
recognize microbes on their surface via pattern recognition receptors (PRR), which 
induces a broad spectrum of defense mechanisms (Zipfel 2014). Both allergens (like 
Bet v 1) and non-allergenic, immune-modulatory compounds (like PALMs) are involved 
in this defense mechanisms of plants. Cell culture experiments with birch pollen 
showed that in the presence of bacteria the gene expression encoding Bet v 1 isoforms 
was activated (Swoboda et al. 1994). This effect was not shown by other abiotic stress 
factor like heavy metal exposure. In the same study of Swoboda et al. (1994) a 
potential antibiotic effect of Bet v 1 was tested negative. Concerning the immune-
modulating PALMs only little information is available about their physiological 
functions. An involvement of certain PALMs, like B1-Phytoprostanes, on the defense 
response of plants against chemical and oxidative stress has been shown (Thoma et 







5 CONCLUSION  
Caused by the production of allergenic proteins and immune-modulating compounds 
special pollen grains lead to health problems in many humans. Initial studies have 
shown that factors influencing plants may lead to an altered allergenic potential of 
their pollen grains. This work has tried to uncover potential interrelationships between 
the microbial load on allergenic pollen, the influence of extrinsic environmental 
pollution and the impact on the allergenic potential of pollen.  
In terms of a systematic characterization of bacteria and fungi colonizing pollen grains 
from birch tree and timothy grass it was shown, that the pollen-associated microbial 
load contains species both potentially beneficial and deleterious for plants. In further 
studies regarding pollen-allergenicity and pollen-associated microbes, dominant 
species/genera gained from both cultivation and cultivation-independent approaches 
should be considered. Further results showed that microbial compositions on pollen 
differ significantly between the two studied plant species. This fact was confirmed by 
three different molecular techniques (tRFLP, Illumina MiSeq, FISH) over three 
consecutive years. Correlation analyses of tRFLP fingerprinting showed a decreasing 
bacterial diversity in more urbanized areas. A further, significant correlation between 
high bacterial diversity, high allergen (Bet v 1) and lower PALMs-content was detected. 
Therefore, the hypothesis that alterations of anthropogenic factors might induce 
changes in the allergenicity of pollen by microbial interactions was supported in this 
study. According to the obtained results, changing pollution may impact pollen-
associated bacterial diversity, which in turn might lead to altered gene expressions of 
allergens and allergen-related compound 
In regard to the increasing number of incidences in allergenic diseases all over the 
world, subsequent studies about anthropogenic influences enhancing the allergenic 






importance. Also the possibility of an impact of the whole plant microbiome on the 
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Figure 20 Isolated bacterial colonies obtained from birch pollen (n = 5) which were sampled in 
and around Augsburg, Germany in season 2014. The universal media LB, PDA, R2A, SDA and 
BHI was used. The declaration of the single species is the same as in the respective Table 17. 
Figure 21 Isolated fungal colonies obtained from timothy grass pollen (n = 5) which were 
sampled in and around Munich, Germany in season 2013. Fungal isolates preferably grew on 
PDA-medium. The declaration of the single species is the same as in the respective Table 18. 
Figure 22 Isolated fungal colonies obtained from birch pollen (n = 5) which were sampled in 
and around Augsburg, Germany in season 2014. Fungal isolates preferably grew on PDA-
medium. The declaration of the single species is the same as in the respective Table 19. 
Figure 23 MspI-Restricted fragment polymorphism in bacteria. Differentiation of bacterial 
colonies with similar morphology isolated from birch pollen. After restriction digest with MspI, 
different species show different band patterns in agarose gelelectrophoresi#16-#61 = sample 
sites selected for cultivation approacheNumbered isolates only show Lab-IDs which are not 
analog to the Isolate-IDs in the running text. Standard: GeneRuler
TM 
100bp Plus DNA Ladder 
(Fermentas). 
Figure 24 RsaI-Restricted fragment polymorphism in bacteria. Differentiation of bacterial 
colonies with similar morphology isolated from birch pollen. After restriction digest with RsaI 
different species show different band patterns in agarose gel electrophoresi#16-#61 = sample 
sites selected for cultivation approacheNumbered isolates only show Lab-IDs which are not 
analog to the Isolate-IDs in the running text. Standard: GeneRuler
TM 
100bp Plus DNA Ladder 
(Fermentas.) 
Figure 25 Extracted 16S-rDNA from bacterial cultures isolated from timothy grass pollen 
samples (n = 5). The sequences were compared to known cultured 16S-rDNA sequences of 
γ-Proteobacteria in the arb gene bank. Isolates are highlighted. Scale of sequencing differences: 
10%. 
Figure 26 Extracted and amplified 16S-rDNA from bacterial cultures isolated from timothy 
grass pollen samples (n = 5). The sequences were compared to known cultured 16S-rDNA 
sequences of γ-Proteobacteria in the arb gene bank. Isolates are highlighted. Scale of 
sequencing differences: 10%. 
Figure 27 Extracted and amplified 16S-rDNA from bacterial cultures isolated from timothy 
grass pollen samples (n = 5). The sequences were compared to known cultured 16S-rDNA 
sequences of Firmicutes in the arb gene bank. Isolates are highlighted. Scale of sequencing 
differences: 10%. 
Figure 28 Extracted and amplified 16S-rDNA from bacterial cultures isolated from timothy 
grass pollen samples (n = 5). The sequences were compared to known cultured 16S-rDNA 
sequences of Firmicutes in the arb gene bank. Isolates are highlighted. Scale of sequencing 
differences: 10%. 
Figure 29 Extracted and amplified 16S-rDNA from bacterial cultures isolated from timothy 






sequences of Actinobacteria in the arb gene bank. Isolates are highlighted. Scale of sequencing 
differences: 10%. 
Figure 30 Extracted and amplified 16S-rDNA from bacterial cultures isolated from birch pollen 
samples (n = 5). The sequences were compared to known cultured 16S-rDNA sequences of 
Proteobacteria in the arb gene bank. Isolates are highlighted.Scale of sequencing differences: 
10% 
Figure 31 Extracted and amplified 16S-rDNA from bacterial cultures isolated from birch pollen 
samples (n = 5). The sequences were compared to known cultured 16S-rDNA sequences of 
Actinobacteria in the arb gene bank. Isolates are highlighted. Scale of sequencing differences: 
10%. 
Figure 32 Extracted and amplified 16S-rDNA from bacterial cultures isolated from birch pollen 
samples (n = 5). The sequences were compared to known cultured 16S-rDNA sequences of 
Firmicutes in the arb gene bank. Isolates are highlighted.Scale of sequencing differences: 10%. 
Figure 33-35 Distance Matrices calculated in arb for isolated bacterial strains obtained from 
timothy grass pollen (n = 5). Shown are the rel. similarities (%) of the 16S-rDNA to the next 
related known sequences in arb gene bank.                                                                                             
Fig. 33) Actinobacteria                                                                                                                                        
Fig. 34) Proteobacteria                                                                                                                                      
Fig. 35) Firmicutes (next page) 
Figure 36 Distance Matrices calculated in arb for isolated bacterial strains obtained from birch 
pollen (n = 5) and affiliated to Actinobacteria. Shown are the rel. similarities (%) of the 16S-
rDNA to the next related known sequences in arb gene bank. 
Figure 37 Distance Matrices calculated in arb for isolated bacterial strains obtained from birch 
pollen (n = 5) and affiliated to Proteobacteria. Shown are the rel. similarities (%) of the 16S-
rDNA to the next related known sequences in arb gene bank. 
Figure 38 Distance Matrices calculated in arb for isolated bacterial strains obtained from birch 
pollen (n = 5) and affiliated to Firmicutes. Shown are the rel. similarities (%) of the 16S-rDNA to 
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and around Augsburg, Germany in season 2014. Fungal isolates preferably grew on PDA-













Figure 23 MspI-Restricted fragment polymorphism in bacteria. Differentiation of bacterial 
colonies with similar morphology isolated from birch pollen. After restriction digest with MspI, 
different species show different band patterns in agarose gelelectrophoresi#16-#61 = sample 
sites selected for cultivation approacheNumbered isolates only show Lab-IDs which are not 
analog to the Isolate-IDs in the running text. Standard: GeneRuler
TM 








Figure 24 RsaI-Restricted fragment polymorphism in bacteria. Differentiation of bacterial 
colonies with similar morphology isolated from birch pollen. After restriction digest with RsaI 
different species show different band patterns in agarose gel electrophoresi#16-#61 = sample 
sites selected for cultivation approaches. Numbered isolates only show Lab-IDs which are not 
analog to the Isolate-IDs in the running text. Standard: GeneRuler
TM 
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sequences of γ-Proteobacteria in the arb gene bank. Isolates are highlighted. Scale of 
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Figure 33-35 Distance Matrices 
calculated in arb for isolated bacterial 
strains obtained from timothy grass 
pollen (n = 5). Shown are the rel. 
similarities (%) of the 16S-rDNA to the 
next related known sequences in arb 
gene bank.                                                   
Fig. 33) Actinobacteria                                      
Fig. 34) Proteobacteria                                       











Figure 36 Distance Matrices calculated in arb for isolated bacterial strains obtained from birch 
pollen (n = 5) and affiliated to Actinobacteria. Shown are the rel. similarities (%) of the 16S-
























Figure 37 Distance Matrices calculated in arb for isolated bacterial strains obtained from birch 
pollen (n = 5) and affiliated to Proteobacteria. Shown are the rel. similarities (%) of the 16S-









Figure 38 Distance 
Matrices calculated 
in arb for isolated 
bacterial strains 
obtained from 
birch pollen (n = 5) 
and affiliated to 
Firmicutes. Shown 
are the rel. 
similarities (%) of 
the 16S-rDNA to 
the next related 
known sequences 
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